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The Mott Density Criterion 22 

To estimate the photoexcited carrier density, we begin by estimating the relevant optical 23 

constants of CrI3. The complex dielectric functions and associated complex refractive index for 24 

right circularly polarized (𝜎!) and left circularly polarized (𝜎") light can be computed from the 25 

linear dielectric response functions as 26 

𝜖±̃ = 𝜖$̃$ + 𝑖𝜖$̃% ,	and	 (1) 27 

𝑛-± = .𝜖$̃$ + 𝑖𝜖$̃% . (2) 28 

This allows us to obtain the normal incidence reflectivity and absorption coefficients as 29 

𝑅± = 2
𝑛-± − 1
𝑛-± + 1

2
&

,	and	 (3) 30 

𝛼± =
4𝜋
𝜆
ℑ{𝑛-±}. (4) 31 

Assuming a spin-up domain and using the calculated linear dielectric functions1, we estimate the 32 

𝜎! reflectivity and absorption coefficient at 𝐸' = 1.55 eV to be approximately 𝑅! = 0.148 and 33 

𝛼! = 1.81×104 cm-1, respectively. In contrast, for 𝜎" photons, 𝑅" = 0.135 and 𝛼" = 2.87×102 34 

cm-1, highlighting the dramatically larger absorption of 𝜎! light in spin-up domains. Despite the 35 

lack of ellipsometry data for CrI3 in this energy range below the Curie temperature (𝑇(), we note 36 

that differential reflectivity measurements made on bulk-like flakes2 yield absorption coefficients 37 

that are reasonably close to the calculated values. 38 

Using the above parameters, we can estimate the electron-hole pair density that is 39 

photoexcited as a function of thickness to be3 40 

𝑁±(𝑧) =
)±*+",±-.

/"
𝑒")±0 , (5)41 

where 𝐹 is the fluence of the ultrafast pump pulse. Given our ~20 μm spot diameter and 42 
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photoexcitation depth of ~550 nm1, we calculate a photoexcited carrier density of 𝑁! =	43 

2.50×1019 cm-3 and 𝑁" = 6.33×1017 cm-3. Given the nanometer-scale exciton radius of van der 44 

Waals materials, the former density is likely to be large enough to exceed the Mott density 45 

criterion of 𝑛( = (0.25/𝑎1∗ )3, yielding a transient photoinduced quasi-metallic state. This 46 

supports our interpretation of the demagnetization dynamics under the microscopic three-47 

temperature model, typically applied to the case of ferromagnetic metals. 48 

 49 

Microscopic Three-Temperature Model 50 

We model the experimentally measured demagnetization dynamics using the microscopic three-51 

temperature model (M3TM), which considers the impact of both conventional electron-phonon 52 

scattering and Elliott-Yafet processes that are enabled by spin orbit coupling (SOC). Here, the 53 

majority- (⇑) and minority-spin (⇓) Bloch states (|𝜓⟩) are comprised of admixtures of pure spin 54 

states |↑⟩ and |↓⟩, such that4 55 

M𝜓𝐤5⇑ N = 𝑎𝐤5↑ M↑⟩ + 𝑏𝐤5↑ |↓⟩,	and	 (6) 56 

M𝜓𝐤5⇓ N = 𝑎𝐤5↓ M↓⟩ + 𝑏𝐤5↓ |↑⟩,	and	 (7) 57 

where 𝐤 is the wave vector, 𝑛 is the band index, and 𝑎𝐤5
↑,↓  and 𝑏𝐤5

↑,↓  are the wave function 58 

coefficents associated with the pure spin-states. Here, 𝑏𝐤5
↑,↓  are non-zero only if SOC is present, 59 

which allows for a finite probability of phonon-mediated spin-flip scattering with a matrix 60 

element of the form5 61 

𝑔;5𝐪⇓⇑ = T𝜓𝐤!𝐪;⇓ MΔ𝑉𝐪M𝜓𝐤5⇑ N ≠ 0	 (8) 62 

where 𝐪 is the phonon wave vector and 𝛥𝑉 is the interaction potential. 63 

 This is the basis of the M3TM, which uses a system of three partial differential equations 64 

to describe the interacting electronic, phonon, and spin subsystems as6 65 
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𝐶=(𝑇=)
𝑑𝑇=
𝑑𝑡

= 𝜅∇0&𝑇= + 𝐺=>b𝑇> − 𝑇=c − 𝐶=(𝑇=)
𝑇= − 𝑇?
𝜏@A

+ 𝑃?𝐺(𝑡), (9𝑎) 66 

𝐶>
𝑑𝑇>
𝑑𝑡 = 𝐺=>b𝑇= − 𝑇>c,	and (9𝑏) 67 

𝑑𝑚
𝑑𝑡

= 𝑅𝑚
𝑇>
𝑇B
h1 − 𝑚 coth m𝑚

𝑇(
𝑇=
no , (9𝑐) 68 

where 𝑇= is the electronic temperature, 𝑇> is the phonon temperature, and 𝑚 is the magnetization. 69 

The relevant CrI3 material properties are the thermal conductivity 𝜅, the electronic specific heat 70 

𝐶= = 𝛾=𝑇=, where 𝛾= is the electronic specific heat coefficient, and the phonon specific heat 𝐶>. 𝑅 71 

is a material-dependent parameter given by6 72 

𝑅 =
8𝑎CD𝐺=>𝑘1𝑇(&𝑉

𝜇𝐸E&
, (10) 73 

where 𝑘1 is Boltzmann's constant, 𝑉 is the formula unit volume, 𝜇 is the magnetic moment, and  74 

Parameter Value 

𝜅 (Wm-1K-1) 1.36 

𝛾 (Jm-3K-2) 550 

𝐶> (Jm-3K-1) 1.5×105 

𝑉 (m3) 1.35×10-28 

𝜇 (𝜇1) 3.87 

𝐸E (J) 1.85×10-21 

𝑇( (K) 61 

Supplementary Table 1. M3TM material parameters. 

Material parameters used in the M3TM that were obtained 

from literature. 𝜅 was obtained from Ref. 7, 𝛾=, 𝐶>, 𝜇, 𝐸E, 

and 𝑇( were obtained from Ref. 8, and 𝑉 was estimated 

from the material parameters in Ref. 9. 

 75 
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𝐸E is the Debye energy. 𝐺=>, 𝑎CD, 𝜏@A, and 𝑃? are the electron-phonon coupling constant, the spin-76 

flip probability, the thermal diffusion time, and the energy absorption from the Gaussian pump 77 

pulse 𝐺(𝑡), which are treated as free parameters in the fitting procedure. The material parameters 78 

obtained from the literature are summarized in Supplementary Table 1. In particular, the thermal 79 

conductivity was obtained directly from DFT calculations presented in Ref. 7. The electronic 80 

specific heat coefficient and phonon specific heat were estimated from the low temperature heat 81 

capacity, plotted as 𝐶/𝑇 vs 𝑇& in Fig. 6c of Ref. 8. This was converted to units of Jm-3K-3 by 82 

multiplying by a conversion factor of 𝑎 = 75/2.025 = 37 by comparison with Refs. 10 and 11. The 83 

intercept of Fig. 6c of Ref. 8 then gives the electronic specific heat coefficient, which can be 84 

converted to J/m3K2 by multiplying by the molar mass (432.7 g/mol) and the density  85 

 (5.32 × 106 kg/m3), which were obtained from Ref. 9. The phonon specific heat was estimated in 86 

the same way from the slope of Fig. 6c of Ref. 8. The formula unit volume was approximated  87 

by dividing the molar mass by the density and Avogadro’s number. The Debye energy was 88 

obtained by multiplying the Debye temperature of 134 K from Ref. 8 by Boltzmann’s constant. 89 

Finally, the magnetic moment and critical temperature were obtained directly from Ref 8.  90 

We solved the system of equations (9) over a temporal window of 400 ps and a depth into the 91 

sample of 100 nm. The fit parameters were globally optimized using an algorithm that used 92 

multiple initial start points across the parameter space and a constrained minimization process 93 

using an interior point algorithm as implemented in MATLAB12 and a cost function consisting of 94 

the absolute difference between the calculated and experimentally obtained magnetization 95 

dynamics. This was parallelized using MATLAB’s parallel computing toolbox to reduce the 96 

computation time. The partial differential equation system outlined in eq. (9) was solved using 97 

MATLAB’s parabolic-elliptic partial differential equation solver which uses a variable-step,  98 
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Supplementary Figure 1. Time-resolved polarization rotation signals and M3TM fits. 

Time-resolved polarization rotation signals 𝑇 = 15 K under a 𝜎!  and b 𝜎" pumping. The 

colored dots are experimental data and the green traces are fits using the M3TM plus a decaying 

16 GHz sinusoidal signal obtained by fitting the experimental data. 

 

variable-order solver based on the numerical differentiation formulas of orders 1 to 5 for time 99 

integration. The resulting M3TM fits for the 𝜎! and 𝜎" pumping conditions are indicated by the 100 

green lines in Supplementary Fig. 1 and are calculated as 101 

𝑇𝑅𝑃𝑅 ∝ v𝑚(𝑡, 𝑧)𝑒"0/G!𝑑𝑧 , (11) 102 

where 𝛿' is the penetration depth. The fits in Supplementary Fig. 1 were obtained using fit 103 

values of 𝑎CD = 0.175, 𝐺=> = 4.05×1016 J/m3sK, 𝑃? = 1.25×10-5 J/m4s, and 𝜏@A = 4 ps for the 𝜎!  104 
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Supplementary Figure 3. Demagnetization dynamics under linear and circular pumping. 

Demagnetization dynamics in the first 25 ps under 𝜎! (blue) and linearly (green) polarized 

pumping at 𝑇 = 15 K. The linearly polarized data has been normalized by a factor of 1.85 to 

enable qualitative comparison with the circularly polarized data. 

 

Supplementary Figure 2. Electron and phonon temperatures. a 𝑇= and b 𝑇> as a function of 

time and depth into the sample calculated using the M3TM under 𝜎! pumping at 𝑇 = 15 K. 
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Supplementary Figure 4. Raw TRPR signals under 𝝈! and 𝝈" pumping above and below 

𝑻𝑪. Raw TRPR signals under 𝜎! (blue) and 𝜎" (red) pumping below (𝑇 = 15 K, upper panel) 

and above (𝑇 = 75 K, lower panel) 𝑇(. 

 

pumping case and 𝑎CD = 0.199, 𝐺=> = 3.40×1016 J/m3sK, 𝑃? = 1.28×10-5 J/m4s, and 𝜏@A =105 

4.88 ps for the 𝜎" pumping case. The additional oscillatory component in the M3TM fits,  106 

associated with the 16 GHz coherent strain wave, were added by using a decaying sinusoidal fit 107 

of the oscillatory components in the experimental data. 108 

 In addition, Supplementary Fig. 2 shows that the pump pulse causes a transient increase 109 

of ~22 K in 𝑇= from the equilibrium temperature of 𝑇? = 15 K that decays back to equilibrium 110 

within the first 2 ps. In contrast, the change in the lattice temperature, 𝑇>, upon photoexcitation is 111 

only ~2 K and takes several hundred picoseconds to recover back to equilibrium. Finally, we  112 

note that while we did not collect long time scale data under the linearly polarized pumping case, 113 

we note that the dynamics over the first ~25 ps are nearly identical to the 𝜎! dynamics, as shown 114 

in Supplementary Fig. 3. Here, we have normalized the linearly polarized data to enable 115 
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qualitative comparison of the two curves (i.e., the timescales on which relaxation occurs). 116 

Accordingly, we do not expect linearly polarized pumping to yield substantively different fitting 117 

results. 118 

 119 

Oscillatory Mode Fitting 120 

We chose to focus on Fourier transform-based analysis of the oscillatory modes, which allowed 121 

us to directly extract the helicity-dependent ratio of 𝐴+I+  and 𝐴+I&  modes from the spectral weight 122 

in the vicinity of these modes with minimal data processing. This primarily involved removing 123 

the non-oscillatory background signals originating from ultrafast demagnetization below 𝑇( or 124 

optical effects (e.g., induced birefringence), examples of which are shown in Supplementary Fig. 125 

4 for data taken at 𝑇	 = 	15 K and 75 K. We also performed fitting-based analysis of the time 126 

domain waveforms using models consisting of the sums of two exponentially decaying 127 

sinusoidal oscillators, each of the form 𝐴J𝑒"K/L" sin(𝜔J𝑡 + 𝜙J). Here, the oscillatory component 128 

of the experimental signals was first bandpass filtered between 0.5 – 12 THz to remove low and 129 

high frequency noise far away from the optical phonon frequency range, which improved the fit 130 

quality. The results of the fitting for 𝜎! and 𝜎" pumping at 15 K are shown in the upper panel of 131 

Supplementary Fig. 5a, yielding fit frequencies of approximately 2.4 THz and 3.86 THz that 132 

correspond to the 𝐴+I+  and 𝐴+I&  modes, respectively, in good agreement with the Fourier 133 

transform peak positions. We find that while the fit produces satisfactory results at later times, 134 

we observe a deviation from our experimental data in the first ~ 3 ps, indicated by the red shaded 135 

regions in Supplementary Fig. 5. We postulate that this is due to the presence of a weak signal 136 

associated with a Raman allowed phonons previously associated with AFM ordering13,14 due to 137 

the coexistence of monoclinic and rhombohedral structural phases throughout the volume of the 138 
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bulk crystal, which was recently confirmed via temperature-dependent X-ray diffraction 139 

measurements15. To corroborate this, we fit our data  140 

with a three-oscillator model; the results for 𝜎! and 𝜎"  pumping at 15 K are shown in the lower 141 

panel of Supplementary Fig. 5a. The fit frequencies of the 𝐴+I+  and 𝐴+I&  modes remain 142 

unchanged, and the third mode fit frequency was approximately 3.73 THz. We get improved 143 

agreement in the first ~ 3 ps under both pumping configurations. Additionally, the frequency of 144 

the third oscillator is in excellent agreement with the AFM order dependent mode frequency 145 

 

Supplementary Figure 5. Oscillator fitting under 𝝈! and 𝝈" pumping above and below 𝑻𝑪. 

a Two-oscillator (upper panel) and three-oscillator (lower panel) fits (green traces) of the 

bandpass filtered oscillatory component of the measured TRPR signal at 𝑇 = 15 K under 𝜎! 

(blue dots) and 𝜎" (red dots) pumping and b two-oscillator fit (green traces) of the bandpass 

filtered oscillatory component of the measured TRPR signal at 𝑇 = 75 K under 𝜎! (blue dots) 

and 𝜎" (red dots) pumping. The red shaded region indicates the temporal window over which 

the two-oscillator model deviates from the 𝑇 = 15 K experimental data. 
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measured via spontaneous Raman scattering13,14. We also found that this mode rapidly decays 146 

(within 2 ps) and the fit amplitude was relatively insensitive to the pump polarization as 147 

compared to the 𝐴+I&  mode. In contrast, as shown in Supplementary Fig. 5b, at 75 K (above 𝑇() 148 

we find that the two-oscillator model captures the coherent dynamics over the full temporal 149 

window with 𝐴+I+  and 𝐴+I&  mode fit frequencies of approximately 2.4 THz and 3.85 THz, 150 

respectively. The lack of a third oscillatory mode above 𝑇( is consistent with the absence of 151 

magnetic ordering that would be required to support an AFM order dependent mode. The fits 152 

below 𝑇( revealed that the dominant helicity dependence was in the 𝐴+I&  mode, consistent with 153 

our Fourier transform analysis. Finally, due to the long decay time of the 𝐴+I+  and 𝐴+I&  modes 154 

below 𝑇(, both fitting- and Fourier transform-based approaches were unable to reveal conclusive 155 

trends in the decay time of the oscillators across the phase transition. 156 

 157 

Spin-Wave Spectrum 158 

In our analysis we assumed the spin Hamiltonian 159 

𝐻C' = � b𝐽M+𝐒𝐫 · 𝐒𝐫# + 𝐽O 	𝑆𝐫
P	𝑆𝐫#

P c
〈𝐫𝐫#〉$

+ � JM&𝐒𝐫 · 𝐒𝐫# + 𝐽E	𝐃� 𝐫𝐫# · 𝐒𝐫 × 𝐒𝐫#
〈〈𝐫𝐫#〉〉

+ � JM3𝐒𝐫 · 𝐒𝐫#
〈〈〈𝐫𝐫#〉〉〉

+ � 𝐽M(𝐒𝐫 · 𝐒𝐫#
〈𝐫𝐫#〉%

+�𝐽S�𝑆𝐫$ + 𝑆𝐫
% + 𝑆𝐫0�

&

𝐫

, (12)
 160 

with exchange constants (𝐽M+, 𝐽M&, 𝐽M3, 𝐽O , 𝐽E , 𝐽S, 𝐽M() = (-2.4,-0.1, 0.1,	0.9,	-0.2,	-0.2,	-0.59)	meV 161 

(more details, including definitions of the exchange constants, etc., are in the main text). The 162 

Dzyaloshinskii-Moriya (DM) vector 𝐃� 𝐫𝐫# assumes values ± +
√3
(1,1,1)U, with the sign structure in  163 

accordance with Ref. 16. The spin Hamiltonian is guided by previous neutron scattering 164 

experiments, where it was found that the combination of Heisenberg and DM interactions, along  165 
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Supplementary Figure 6. Spin-waves and thermodynamics. a The spin-wave spectrum 

calculated from the equilibrium spin model, equation (12), captures salient features seen in 

experiments17: an overall band width ~20 meV, a zone center excitation gap ~2 meV at the 𝛤-

point, and a gap ~3 meV at the BZ corners (𝐾-points). Note that there are six bands in total, two 

pairs of which are degenerate. b Magnetization and specific heat as determined from MC 

simulations. The peak in the specific heat indicates the calculated magnetic ordering transition 

for monolayer CrI3 at 𝑇( = 42.8 K. Opaque curves were obtained at a system size 𝐿 = 32; lighter 

colors indicate system sizes 𝐿 = 8 and 16 (from lighter to darker). Statistical error bars are 

smaller than the plot markers. 

 

with a local spin anisotropy, yields an excellent fit for the magnon spectrum18. However, the fit 166 

is not unique. It is possible to introduce finite Kitaev interactions without inducing a significant 167 

change in the magnon spectrum: on the level of nearest neighbor interactions, keeping the overall  168 
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mean-field energy scale 𝐽M+ + 𝐾/3 constant, there is freedom to vary the ratio of Heisenberg and 169 

Kitaev contributions. In order to determine the precise ratio of Kitaev and Heisenberg 170 

interactions, we draw on previous ab initio calculations, which have identified the dominant role 171 

of FM Heisenberg interactions (𝐽M+ = −2.4 meV) augmented by AFM Kitaev couplings (𝐾 =172 

0.9 meV)19. Remarkably, the ab initio study also predicted the same nearest-neighbor mean-field 173 

energy scale as the neutron scattering experiments, allowing for the two perspectives to be 174 

combined easily. The same qualitative structure of FM Heisenberg interactions in conjunction 175 

with AFM Kitaev exchange has recently also been identified in strong-coupling perturbation 176 

theory20.  177 

 

Supplementary Figure 7. Powder diffraction spectrum. a Powder diffraction spectrum for 

the model parameters, as determined in Ref. 18 in the absence of Kitaev exchange, and b model 

parameters used in this work with a finite Kitaev interaction. Both models provide excellent 

agreement with the experimentally observed magnon spectrum18.  
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As we show in Supplementary Fig. 6a, spin-wave theory calculations for this model 178 

reproduce important features of the magnon spectrum; the spin-wave calculations are performed 179 

with a six-site unit cell (as defined in Ref. 18), leading to a six-band spectrum. The key features 180 

include a gap at the Brillouin zone (BZ) center which is set by 𝐽S18, as well as the gap at the 181 

Brillouin zone corners which is set predominantly by 𝐽E, with additional minor contributions 182 

from 𝐽O18. Despite introducing finite Kitaev exchange in our model, as guided by ab initio 183 

theory, the overall prediction for the intensity distribution in neutron powder diffraction is in 184 

excellent agreement with the data obtained in Ref. 18 (see Supplementary Fig. 7).  185 

Finally, we mention that a biquadratic spin exchange (𝐒𝐫 · 𝐒𝐫#)& has also been proposed 186 

to be a potentially relevant term in the microscopic description of CrI321. In our combined spin-187 

phonon model, such terms would automatically emerge upon integrating out the local phonon 188 

modes, which couple to the Heisenberg spin exchange of the form  𝐒𝐫 · 𝐒𝐫#. Schematically, the 189 

terms are obtained when in a Hamiltonian of the form 𝐻 = 𝑀Ω𝑋&/2 + 𝐽Φ𝑋𝑆J𝑆V, where 𝑋 is the 190 

phonon mode and 𝑆J and 𝑆V are spin operators, the phonon mode is integrated out as 191 

v𝐷𝑋	𝑒"M = v𝐷𝑋	𝑒"
WX
& Y&!Z[Y\"\' ∼	𝑒

*Z[\"\'-
&

&WX , (13) 192 

However, those terms would scale as 𝐽M+& 𝜙&/𝑀Ω& ≈ 10-3 meV and are therefore negligibly small 193 

within our model. 194 

 195 

Thermodynamics: Monte Carlo Simulations 196 

We carried out classical Monte Carlo (MC) simulations on the spin-phonon system, on 197 

layered honeycomb lattices of 2×𝐿×𝐿×𝐿( spins, with in-plane system sizes up to 𝐿 = 32, the 198 
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number of layers 𝐿( = 8, and periodic boundary conditions. Supplementary Fig. 6b shows the 199 

specific heat and magnetization data from our MC simulation results for system sizes 𝐿 = 8,16, 200 

and 32 which exhibits an FM phase transition at 𝑇( = 42.8 K. It is important to note that our MC 201 

simulations are purely classical, whereas the physical 𝑆 = 3/2 spins may still be subject to 202 

quantum effects and a partial rescaling towards the quantum spin exchange energy scale 𝑆(𝑆 +203 

1), exceeding the classical energy scale 𝑆& and bringing 𝑇( closer to the experimental value.  204 

This has previously been noted for CrI3 in Ref. 22 and incorporating such quantum corrections by 205 

rescaling to the effective spin length 𝑆]DD = .𝑆(𝑆 + 1), with 𝑆 = 3/2 for Cr shifts 𝑇( up from its 206 

classical value by a factor of 5/3. Our classical MC simulations thus yield an enhanced 207 

𝑇((3𝐷)~71	K, which compares favorably with the experimental bulk 𝑇( of ~61 K. Quantum 208 

rescaling similarly manifests in other systems, for example for the 𝑆 = 1/2 Heisenberg model on 209 

the cubic lattice, where 𝑇(/𝐽 is found to be 0.95 in quantum Monte Carlo calculations23, whereas 210 

the classical value is 𝑇(/𝐽 = 1.44/4 ≈ 0.36; this amounts to a phenomenological rescaling of 2.9, 211 

close to the value of 𝑆(𝑆 + 1)/𝑆& = 3 24. 212 

 213 

Phonon Coupling and Spin-Phonon Dynamics 214 

As described in the main text, we incorporate spin-phonon coupling to the dominant 215 

Heisenberg exchange constant by 𝐽�M+,𝐫𝐫# = 𝐽M+ m1 +
^
&
(𝑋𝐫 + 𝑋𝐫#)n, with spin-phonon coupling 216 

parameter 𝜙. The spin-phonon coupling may be constrained using our DFT calculations. From 217 

the model Hamiltonian, we find that the energy difference per spin between the (in-plane) AFM 218 

and FM states is given by Δ𝐸 = 𝑆&(3𝐽�M+ + 𝐽O + 3𝐽M3), where 𝐽�M+ is the mean value of 𝐽�M+,𝐫𝐫# 219 

across all lattice bonds. Assuming a uniform phonon displacement 𝑋, we find 𝜕∆𝐸/𝜕𝑋 =220 
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𝑆&(3𝐽M+𝜙). Choosing 𝜙 = 1.98 Å-1 we obtain 𝜕∆𝐸/𝜕𝑋 = -32 meV/Å, in agreement with our 221 

DFT estimate. For simplicity, as 𝐽M&, 𝐽M3, 𝐽O, 𝐽E,	𝐽S, and 𝐽M( are already small compared to the 222 

nearest-neighbor Heisenberg exchange 𝐽M+, we neglect phonon coupling to these exchange 223 

constants since it is not expected to have a significant impact on our results. 224 

The impact of the pump pulse can be simulated as a sudden change in the local lattice 225 

displacement 𝑋𝐫 by a combination of a magnetization-independent term and a term which is 226 

linear in the magnetization 𝑚. This is parametrized by two numbers, 𝜉+ and 𝜉&, according to 227 

𝑋𝐫 → 𝑋𝐫,_` = 𝑋𝐫 + 𝜉+(1 + 𝜎𝜉&𝑚𝐫). (13) 228 

In our simulations, we chose 𝜉+ = 0.01 Å; as discussed further below, however, its value does 229 

not impact the ratio of Fourier components 𝑚!(Ω)/𝑚"(Ω). Further, we found that 𝜉& ≈ 0.18/𝜇1 230 

led to good agreement with the experimental observation of the pump-helicity dependent 231 

asymmetry. In this supplemental section, we provide additional rationales for the functional form 232 

of the lattice distortion and its properties. 233 

 Assuming thermal equilibrium, the mean phonon displacement 𝑋 can be determined by 234 

minimizing the coupled spin-phonon Hamiltonian 𝐻 = 𝐻'A + 𝐻C' with respect to 𝑋, i.e, setting 235 

𝜕𝐻/𝜕𝑋 = 0. This leads to 236 

𝑀Ω&𝑋 = −∑ 𝐽M+𝜙𝐒𝐫 ∙ 𝐒𝐫#〈𝐫𝐫#〉 . (14)237 

In the magnetically ordered phase, using a mean-field picture with average magnetization 〈𝑆𝐫〉 = 238 
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𝑚/(2𝜇1), we thus naturally find that the equilibrium phonon displacement scales quadratically 239 

with the magnetization, 240 

〈𝑋〉 ≈ 𝛼𝑚&, (15) 241 

with 𝛼 = −3𝐽M+𝜙/(8𝑀Ω&𝜇1&). This is consistent with the magnetostriction respecting time-242 

reversal symmetry, i.e., it is invariant under 𝑚 → −𝑚. At a temperature of 𝑇/𝑇( = 0.6, for  243 

example, our MC simulations indicate 〈𝑚〉 ≈ 2.4𝜇1 (i.e., 〈𝑆𝐫〉 = 1.2) and 〈𝑋〉 ≈ 4.9×10-4 Å, 244 

yielding a proportionality constant of 𝛼 ≈ 8.5×10-5 Å/𝜇12 . This value compares well with the 245 

 

Supplementary Figure 8. Dynamical simulation parameters. a Response of the Fourier 

component 𝑚!(Ω) at the phonon frequency Ω as a function of 𝜉+ of the phonon (for the case 

𝜉& = 0). Data is displayed at 𝑇/𝑇( = 0.6. It is fit by a linear function 𝑚!(Ω) = 0.0028𝜉+. b The 

Fourier component ratio 𝑚!(Ω)/𝑚"(Ω) as a function of 𝜉&, based on the linear fit shown in a. 

The dashed line in b indicates 𝜉& ≈ 0.18/𝜇1, as determined in the main text. 
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mean-field picture, which, neglecting local fluctuations in the magnetization, predicts 𝛼 =246 

7.5×10-5 Å/𝜇12 . 247 

 Given that the pump pulse is an intense non-equilibrium drive, for which we do not have 248 

a detailed microscopic model, we discuss phenomenological pictures for the pump-induced 249 

dynamics. The pump pulse can, through helicity-dependent perturbations in the local Cr moment, 250 

induce a change in magnetization by ±𝛿, depending on the photon polarization 𝜎 = ±1. This 251 

change in magnetization can impact the phonon coordinate via the relation in equation (15), 252 

leading to an additional lattice distortion component expressed as 253 

〈𝑋_` 〉 = 𝛼(𝑚 + 𝜎𝛿)& = 〈𝑋〉 + 𝛼𝛿& + 2𝜎𝛼𝑚𝛿, (16) 254 

which is of the form used in equation (13) with 𝜉+ = 𝛼𝛿& and 𝜉& = 2/𝛿. Such a process leads to 255 

a one-parameter description of the lattice distortion, controlled by 𝛿. 256 

 Whereas the choice of parameters 𝜉+ and 𝜉& fulfills the relation 𝜉+ = 4𝛼/𝜉&& from the 257 

single-parameter description with the proportionality constant 𝛼 as determined above, the 258 

magnetization change 𝛿 implied by the value of 𝜉& ≈ 0.18/𝜇1 would be unphysically large. The 259 

one-parameter picture thus cannot be complete. An important alternative mechanism for 260 

explaining our results is based on Raman transitions induced by the incident photons via virtual 261 

intermediate state excitations from the iodine 5𝑝 to chromium 𝑒I states. The intermediate singly 262 

occupied 𝑒I level is Jahn-Teller active, which can lead to an additional trigonal lattice distortion 263 

in the Raman process. The 𝑒I level is expected to be spin-split in the presence of magnetic order, 264 

and the photon polarization determines the spin of the virtually excited electron, which can be 265 

accounted for by a displacement 𝑊+ + 𝜎𝑚𝑊& (which is again invariant under simultaneous 266 

inversion of the sign of the magnetization and the incoming photon polarization). If this effect 267 
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dominates, the phonon coordinate would be modified as 〈𝑋_` 〉 = 〈𝑋〉 +𝑊+ + 𝜎𝑚𝑊&, so that 𝜉+ =268 

𝑊+ and 𝜉& = 𝑊&/𝑊+. In effect, 𝜉+ controls the overall lattice distortion strength and the resulting 269 

coherent oscillation amplitude (averaged over pump photon helicity), while 𝜉& controls the 270 

pump-helicity dependent asymmetry in the coherent dynamics. 271 

 Modeling the lattice distortion in the manner described above robustly leads to the ratio 272 

of Fourier components 𝑚!(Ω)/𝑚"(Ω) shown in Fig. 3c of the main text. To corroborate this, we 273 

make the plot shown in Supplementary Fig. 8a, which shows that the response 𝑚!(Ω) to an 274 

impulsive perturbation of the phonon displacement is approximately proportional to the 275 

magnitude of the strength 𝜉+ (neglecting any splitting 𝜉& for simplicity). 276 

 The non-equilibrium pump-induced lattice displacement naturally affects the signal-to-277 

noise ratio in our model calculations, such that a weaker kick is more difficult to detect unless we 278 

average over a larger number of ensemble configurations. Due to the linear scaling, the ratio of 279 

Fourier components 𝑚!(Ω)/𝑚"(Ω) is independent of 𝜉+; its dependence on 𝜉& is shown in 280 

Supplementary Fig. 8b. Furthermore, the helicity-dependent asymmetry linearly depends on the 281 

magnetization. Consequently, the functional form of the ratio of Fourier components should have 282 

a similar characteristic onset as the magnetization curve below 𝑇(, which we indeed observe, c.f. 283 

the magnetization curve in Supplementary Fig. 6b. 284 

 285 
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Pump-Induced Dynamics: Coherent Oscillations 286 

Here, we show two examples of datasets for the time evolution of the coupled spin-287 

phonon model Hamiltonian. After application of the initial shift in lattice displacement, the 288 

phonon oscillates coherently, regardless of whether the system is in the magnetically ordered 289 

 

Supplementary Figure 9. Simulations of the vibrational and magnetization dynamics. 

Simulation results showing phonon coordinate coherent oscillations in both a the magnetically 

ordered phase at 𝑇 < 𝑇( and b the paramagnetic regime for 𝑇 > 𝑇(. The dashed lines represent 

the thermodynamic equilibrium value. The magnetization shows coherent oscillations c in the 

FM phase below 𝑇(, but not d in the paramagnetic phase above 𝑇(. The Fourier transformation 

of the magnetization shows a pronounced peak at the phonon frequency e in the FM phase below 

𝑇(, but not f in the paramagnetic phase above 𝑇(. All data shown assumes 𝜎! polarized light. 
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phase or in the paramagnetic phase; see Supplementary Fig. 9a and Supplementary Fig. 9b, 290 

respectively. Qualitatively different behavior, however, is observed in the time dependence of 291 

the magnetization. While in the FM phase the coherent phonon oscillations effectively couple to 292 

the magnetization, yielding coherent magnetization oscillations (Supplementary Fig. 9c), such 293 

coupling is not observed above 𝑇(. In the latter case the magnetization merely shows a 294 

demagnetizing drift, as expected after heating the system; short-time oscillations at the phonon 295 

frequency are not observed (Supplementary Fig. 9d) (note that the finite magnetization in the  296 

paramagnetic phase is an artifact of the finite system size, as also seen in Supplementary Fig. 297 

6b). Consequently, a sharp phonon-induced signal in the Fourier spectrum of the magnetization 298 

is only visible below 𝑇( (Supplementary Fig. 9e and Supplementary Fig. 9f). 299 

 300 

Comparison of Different Models for the Spin-Phonon Dynamics 301 

In the main manuscript we have employed a spin model based on the layered honeycomb model, 302 

in which the magnetic moments couple to local phonon modes at every lattice site. The model is 303 

chosen to closely resemble the bulk CrI3 flakes that were used in the experiment. However, as we 304 

shall demonstrate below, the same phenomenology can also be observed for a simplified model  305 

 of a single honeycomb layer, or even when the local phonon modes are replaced by a single 306 

global mode.  307 

The full model is governed by the microscopic Hamiltonian 𝐻 = 𝐻'A + 𝐻C', with the 308 

phonon and spin contributions as specified in the main manuscript and parametrized by the spin  309 

exchange constants (𝐽M+, 𝐽M&, 𝐽M3, 𝐽O , 𝐽E , 𝐽S, 𝐽M(). We refer to this model as the 3D model with 310 

local phonons. We now define a simplified single-layer model, i.e., we set the interlayer coupling 311 

𝐽M( = 0 and refer to this as the 2D model with local phonons. When performing numerical  312 
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simulations, it is thus sufficient to consider a single honeycomb layer of 2×𝐿×𝐿 spins. From the 313 

2D model with local phonons we further derive the 2D model with a single phonon  314 

 mode by enforcing 𝑋𝐫 = 𝑋𝐫` ≡ 𝑋 and 𝑃𝐫 = 𝑃𝐫` ≡ 𝑃 for all lattice sites 𝐫 and 𝐫′, such that the 315 

model only has one effective global phonon mode. In the dynamic simulation, the pump pulse is 316 

then modeled as a change in the global phonon displacement 𝑋, which depends on the global  317 

average magnetization 𝑚, in analogy to the modeling that was used for local displacement 𝑋𝐫 318 

and local magnetization 𝑚𝐫. 319 

 
 

Supplementary Figure 10. Comparison of different models for spin-phonon dynamic 

simulations. The 𝜎!/𝜎"-ratio of integrated Fourier transform peaks at the 𝐴+a&  mode 

frequency is shown for three different models: a three-dimensional model for bulk CrI3 with 

local phonon modes (red) and a two-dimensional model for single layer CrI3 with either local 

phonon modes (blue) or global phonon modes (green). 
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Supplementary Fig. 11. Long-time stability of the time-resolved differential reflectivity. 

Individual (i.e., not averaged) differential reflectivity traces taken at 20 minutes (blue), 60 

minutes (red), and 110 minutes (yellow), as well as averages over 10 scans taken over the full 

110 minutes measurement timeframe (purple) at 200 K and 30 K at a pump fluence of 

0.64 mJ/cm2.  

 
 

Supplementary Fig. 12. Sample quality before and after irradiation. Sample images 

taken using a 20X objective (a) before and (b) after 6 hours of continuous irradiation at 1.55 

eV and a fluence of 0.64 mJ/cm2. The location of the laser spot is denoted by the red circle. 
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The phonon helicity ratio plotted in Supplementary Fig. 10 shows no significant 320 

difference between the three different models. The small deviation that is discernible between the 321 

data for the 3D model and the data for the 2D models can be attributed to the slightly different 322 

onset of the magnetization curves for 𝑇 < 𝑇(.  323 

 324 

Sample Quality Under Laser Irradiation 325 

To confirm that the sample quality remained constant throughout the lifetime of the experiment 326 

at the 0.64 mJ/cm2 pump laser fluence used in our experiments, we conducted time- resolved 327 

differential reflectivity measurements in a crossed polarized configuration above and below	𝑇(. 328 

Supplementary Fig. 11 shows the results for the two cases. The left-hand panel shows individual 329 

(i.e., not averaged) time-resolved differential reflectivity scans taken at 𝑇 = 200 K after 20 330 

minutes (blue), 60 minutes (red), and 110 minutes (yellow) of continuous irradiation. No 331 

appreciable change in the traces is observed on these long timescales, and the signals are 332 

consistent with the average over 10 scans taken over the full 110 minutes experimental runtime 333 

shown in purple. We see no significant difference in the amplitude or decay rate of the coherent 334 

oscillations, nor in the overall exponential decay dynamics attributable to electron-phonon 335 

coupling. The same is true for the data taken at 𝑇 = 30 K, as shown in the right-hand panel of 336 

Supplementary Fig. 11. Here, we see consistent results for scans taken at the three elapsed 337 

experimental times that are again mutually consistent with the 10-scan average. Finally, to  338 

further confirm that no sample degradation took place at our defined fluence, Supplementary Fig. 339 

12 shows microscope images captured before and after 6 hours of continuous laser irradiation at 340 

0.64 mJ/cm2. Here the red circles indicate the location of the pump and probe focal spots, 341 

revealing no discernible darkening or other marring of the surface; these results clearly  342 
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Supplementary Figure 13. Density of states for bulk CrI3. Density of states (DOS) for bulk 

CrI3 calculated with a LDA and b LDA+U.  The spin-up component (black) has positive values, 

and the spin-down component (red) has negative values. The value of the Hubbard interaction 

on the Cr-3𝑑 orbitals is 𝑈 = 2.2 eV. 

 

demonstrate that the sample properties did not significantly change over the data acquisition 343 

time. 344 
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