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1. All measured Stokes band positions
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Figure S1: The measured Stokes shift values as function of incident laser power and stage
temperature for the G-band (a, b), (D+D’’)-band (¢, d), 2D-band (e, f), 2D’-band (g, h), and the
D’ frequencies (i, j). The D’ frequencies were extracted from the 2D and (D+D’’)-bands.



2. All measured phonon temperatures
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Figure S2: All of the measured phonon temperature values taken from different peak shifts and
intensity ratios with increasing stage temperature from 297 K to 598 K from (a) to (e). The
measured nonequilibrium is more apparent at lower stage temperatures and higher laser powers,
and becomes comparable to the measurement uncertainties as either the stage temperature is
increased or the laser power is reduced. Peak shift-predicted temperature data are not shown for
the highest laser power.

3. Multi-temperature model

In order to better understand the observed local nonequilibrium among the different
phonon polarizations, we have calculated the energy carrier temperatures in suspended graphene
under the experimental conditions. As described in detail in a recent publication,' we first use
density functional perturbation theory to directly calculate the electron-phonon scattering rates in
graphene. Based on these rates, we utilize a multi-temperature model to compute the
temperatures of the electrons and six phonon polarizations as energy is transferred from the
incident photons to the graphene electrons and optical phonons, and to the lower energy

polarizations at different rates. Based on this calculation, we find that the electrons and the



optical phonons may be driven significantly out of local equilibrium from the acoustic phonons
and the out-of-plane polarized transverse acoustic (ZA) modes, in particular.

Figures S3 and Figure S4 shows the calculation results for the case of 0.77 mW incident
laser power, a stage temperature (7'siq.) of 297 K, a Gaussian beam radius of 360 nm, and optical
absorption of 3.1%. The calculations were carried out in a 5x5 pm® Cartesian domain with
quarter symmetry, which is equivalent to the experimental case of graphene suspended over a 10
um-diameter hole as the calculated temperature rise at a distance of 5 um from the center is
negligible. Because past measurements have yielded much lower electronic thermal conductivity
values than the intrinsic value calculated from first principles due to the presence of impurities
and defects in the measured samples,' different electronic thermal conductivity values have been
used in the calculation. In Fig. S4 an electronic thermal conductivity of k, =
(20 Wm™tK"1)T,/300 K is assumed. Calculations with other electronic thermal conductivities
were performed, and the effects on the nonequilibrium between energy carriers were found to be
small, as summarized in Table S1, which presents the average temperature inside the Gaussian
laser spot." The reason is that the thermal conductivity contribution from the hot electrons is
much smaller than the thermal conductivity contributions from phonons in the laser spot.
Consequently, the electron heat current becomes considerably smaller than the phonon heat
current outside the Gaussian radius, despite the still higher electron temperature than the phonon
temperatures, as shown in Fig. S5. In particular, ZA phonons are found to be the largest
contributor to the heat current, despite the lowest temperature rise. This result reflects the large
specific heat and thermal conductivity contribution from the ZA phonons in the temperature

range.
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Figure S3: Calculated (a) electronic, (b) longitudinal optical (LO), (c¢) longitudinal acoustic
(LA), and (d) out-of-plane polarized transverse acoustic (ZA) temperatures in graphene
suspended over a 10 um X 10 pm hole for the conditions of 0.77 mW incident laser power, Ts/ge
= 297 K, a beam radius of 360 nm, and laser absorption of 3.1%. The electronic thermal
conductivity in this simulation was assumed to follow (20 Wm K1) T,/300 K.
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Figure S4: Temperature profiles along the x-axis for the electrons, six phonon polarizations
based on the multi-temperature model and first-principles-derived electron-phonon relaxation
times for the conditions of 0.77 mW incident laser power and Ti,g = 297 K. The electronic
thermal conductivity in this calculation was assumed to follow (50 Wm™1K~1)T,/300 K.



(00]
o

+= 60} Qo |
Q — Q1o
o) r _QZO
8407 Qur
E _QTA
E ¢ — Qua
o 20t -
Z I
O-"l P S S S B S S
0 1 2 3 4 5

Position (um)
Figure S5: Calculated contributions from different energy carriers to the heat transfer rate across
a square domain that is concentric with the laser spot as a function of x-position of the right edge
of the square. The heat rate contribution is normalized to the total input heat rate from the laser.
The incident laser power is 0.77 mW and the stage temperature is 297 K. For this calculation, the
electronic thermal conductivity was assumed to equal (20 Wm™'K~1) T, /300 K.

The effects of stage temperature and laser power on the local nonequilibrium are shown
in Table S1. The largest nonequilibrium is predicted between the electronic temperature and the
ZA phonon temperature. Additionally, the simulations indicate that even at the lowest laser
power of 0.77 mW, the ZA phonons are still underpopulated with respect to higher-energy
phonon polarizations and electrons, as indicated in Table S2, which shows the ratio of the ZA
temperature rise relative to the temperature rise of other energy carriers. A smaller ratio reflects a
larger nonequilibrium between the ZA phonons and the other carriers. In addition, the prior

calculation shows that these ratios are very small even when the laser power decreases to as low

as 0.01 mW, suggesting pronounced local nonequilibrium at the low laser power. '



Table S1: Calculated Average Energy Carrier Temperatures in the Laser Spot at Different Laser
Powers, Stage Temperatures, and Electronic Thermal Conductivities

Ke Power Tstage
(Wm'K") (mW) (K)
20Te/300  0.77 297 358.1 329.6 3432 3181 3212 3217 3047
50Te/300  0.77 297 3515 326.2 3385 316.3 319.0 319.3 304.4
20Te/300  0.77 448 492.4 4819 486.2 4771 480.9 480.8 4685
50Te/300  0.77 448 488.3  479.1 482.8 4749 4782 478.0 467.3
20Te/300  0.77 567.3 560.4 563.3 556.6 559.8 559.7 549.5
50Te/300  0.77 563.1 557.0 559.5 553.8 556.5 556.4 547.6
20Te/300  0.77 598 643.7 638.9 6411 6358 6385 6384 630.2
50Te/300  0.77 598 639.2 6350 636.9 6324 6346 6345 627.5
20Te/300 3.5 297 4841 4341 4544 4022 4238 4233 339.2
50Te/300 3.5 297 470.3 4229 4421 393.8 4123 4119 337.3
20Te/300  4.71 297 530.0 478.0 499.4 4428 4704 469.6 359.2
50Te/300 471 597 513.1 463.5 483.6 431.3 4554 4547 356.2
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Table S2: Ratios of the Average ZA Phonon Temperature Rise Relative to the Temperature Rise
of Other Energy Carriers in the Laser Spot

Ke Power Tstage

(WmK") (mW)  (K) ATza/ATe ATza/AT 0 ATza/ATro ATzA/ATz0 ATzA/ATLA ATzA/AT7A

20Te/300  0.77 297 0.13 0.25 0.17 0.38 0.33 0.32
50Te/300  0.77 297 0.14 0.26 0.19 0.39 0.34 0.34
20Te/300  0.77 448 0.42 0.57 0.50 0.67 0.59 0.59
50Te/300  0.77 448 0.44 0.58 0.51 0.68 0.60 0.60
20Te/300  0.77 0.57 0.68 0.63 0.77 0.70 0.70
50Te/300  0.77 0.58 0.70 0.64 0.78 0.71 0.71
20Te/300  0.77 598 0.68 0.77 0.73 0.84 0.78 0.78
50Te/300  0.77 598 0.69 0.78 0.74 0.84 0.79 0.79
20Te/300 35 g7 0.18 0.23 0.20 0.30 0.24 0.24
50Te/300 35 297 0.19 0.25 0.22 0.33 0.26 0.26
20Te/300 471 97 0.23 0.31 0.27 0.40 0.33 0.33

50Te/300  4.71 597 0.23 0.32 0.28 0.42 0.35 0.35




4. Thermal conductivity extraction from Raman-based temperatures

The observed local nonequilibrium has been ignored in past heat diffusion analyses of Raman
thermal transport measurements of graphene. To illustrate the effects of this assumption, we
employ the analytic solution derived in a prior work® to extract the thermal conductivity of
suspended graphene. For the calculation, we measured the amount of laser power absorbed by
the graphene as 3.1 + 1.4%, which was the difference between the measured transmittance
through a 10 um diameter hole covered by the suspended graphene and that through an
uncovered hole of the same size. Based on the previously reported thermal conductivity and the
interface thermal conductance of the supported graphene, we calculate that the thermal contact
thermal resistance, R, ~ (1.6 + 1.5/—0.75) x 10* K/W, is small compared to the measured
thermal resistance of the graphene, R,, ~ (1.6 + 0.74) x 10® K/W, which is calculated as the
measured graphene temperature rise by either a peak shift or the intensity ratio divided by the
absorbed laser power. The thermal resistance of the suspended graphene is obtained as R, =R, —
R, and used to calculate the thermal conductivity of the suspended graphene according to an
analytical solution to the heat diffusion equation in the cylindrical coordinate.” The as-obtained
apparent thermal conductivity depends on whether the optical phonon temperature or the peak
shift-based temperature is used in this calculation. Figure 5 in the main text displays this
apparent thermal conductivity versus the apparent graphene temperature, as measured at the

highest laser power.
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