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Supplementary Text 1: Probability of three-phonon scattering process 17 

Here is a supplementary explanation regarding the relationship between the scattering 18 

probability and the population of each mode for a specific three-phonon system which has already 19 

satisfied the selection rule. The probability of phonon scattering with other phonons depends on 20 

population of the initial and final states 1,2. Consider three phonon modes λଵ, λଶ and λଷ whose 21 

energy satisfy 𝜔ଵ ൅ 𝜔ଶ ൌ 𝜔ଷ , and momentum satisfy 𝒒𝟏 ൅ 𝒒𝟐 ൅ 𝒒𝟑 ൌ 𝑮 . Using the particle 22 

number representation, the present state can be expressed as |𝑛ଵ,𝑛ଶ,𝑛ଷ⟩. Since the three-phonon 23 

scattering process is reversible, the system can undergo the absorption process 𝑃ାሺλଵ ൅ λଶ → λଷሻ 24 

to the state |𝑛ଵ െ 1,𝑛ଶ െ 1,𝑛ଷ ൅ 1⟩ , or the emission process 𝑃ିሺλଷ → λଵ ൅ λଶሻ  to the state 25 

|𝑛ଵ ൅ 1,𝑛ଶ ൅ 1,𝑛ଷ െ 1⟩. According to the relationship between scattering probability and initial 26 

and final state 3 27 

𝑃ା ൌ
π

4ρଷ𝑁଴𝛺
𝑞ଵ𝑞ଶ𝑞ଷ
𝑐ଵ𝑐ଶ𝑐ଷ

|𝐴ଵଶଷ|ଶ𝑛ଵ𝑛ଶሺ𝑛ଷ ൅ 1ሻ ൈ δ𝒒𝟏ା𝒒𝟐ା𝒒𝟑,𝑮δሺ𝜔ଵ ൅ 𝜔ଶ െ 𝜔ଷሻ                   ሺ1Aሻ 28 

𝑃ି ൌ
π

4ρଷ𝑁଴𝛺
𝑞ଵ𝑞ଶ𝑞ଷ
𝑐ଵ𝑐ଶ𝑐ଷ

|𝐴ଵଶଷ|ଶሺ𝑛ଵ ൅ 1ሻሺ𝑛ଶ ൅ 1ሻ𝑛ଷ ൈ δ𝒒𝟏ା𝒒𝟐ା𝒒𝟑,𝑮δሺ𝜔ଷ െ 𝜔ଵ െ 𝜔ଶሻ       ሺ1Bሻ 29 

Symmetry guarantees that 
஠

ସ஡యேబఆ

௤భ௤మ௤య
௖భ௖మ௖య

|𝐴ଵଶଷ|ଶ is perfectly symmetrical to the three phonons, 30 

unchanged by exchange. 31 

Now we define the forward process 𝑃୤୭୰୵ୟ୰ୢ as the net absorption process,  32 

𝑃୤୭୰୵ୟ୰ୢ ൌ 𝑃ା െ 𝑃ି ൌ
π

4ρଷ𝑁଴𝛺
𝑞ଵ𝑞ଶ𝑞ଷ
𝑐ଵ𝑐ଶ𝑐ଷ

|𝐴ଵଶଷ|ଶሾ𝑛ଵ𝑛ଶ െ 𝑛ଷሺ𝑛ଵ ൅ 𝑛ଶ ൅ 1ሻሿ                ሺ2ሻ 33 

The initial states of 𝑃୤୭୰୵ୟ୰ୢ are λଵ and λଶ. The partial derivation of the initial state population 34 

𝑛ଵ is 35 

𝜕
𝜕𝑛ଵ

𝑃୤୭୰୵ୟ୰ୢ ൌ
π

4ρଷ𝑁଴𝛺
𝑞ଵ𝑞ଶ𝑞ଷ
𝑐ଵ𝑐ଶ𝑐ଷ

|𝐴ଵଶଷ|ଶሺ𝑛ଶ െ 𝑛ଷሻ                                              ሺ3ሻ 36 

Thus, as long as 𝑛ଶ ൐ 𝑛ଷ  (always satisfied unless the population is inversed, i.e., the 37 

population of the high-energy state exceeds that of the low-energy state), 
డ

డ௡భ
𝑃୤୭୰୵ୟ୰ୢ will always 38 

be positive, meaning that the net absorption process 𝑃୤୭୰୵ୟ୰ୢ will be more likely to occur as the 39 

initial state 𝑛ଵ increases. The net process of emission process is 𝑃୰ୣ୴ୣ୰ୱୣ ൌ 𝑃ି െ 𝑃ା ൌ െ𝑃୤୭୰୵ୟ୰ୢ 40 

with λଵ and λଶ as the final states and λଷ as the initial state. Obviously,  
డ

డ௡భ
𝑃୰ୣ୴ୣ୰ୱୣ is negative (as 41 

long as 𝑛ଶ ൐ 𝑛ଷ), which means that the net emission process will be more likely to occur as the 42 

final state 𝑛ଵ decreases. Now take the partial derivative of 𝑛ଷ with respect to the 𝑃୰ୣ୴ୣ୰ୱୣ 43 
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𝜕
𝜕𝑛ଷ

𝑃୰ୣ୴ୣ୰ୱୣ ൌ
π

4ρଷ𝑁଴𝛺
𝑞ଵ𝑞ଶ𝑞ଷ
𝑐ଵ𝑐ଶ𝑐ଷ

|𝐴ଵଶଷ|ଶሺ𝑛ଵ ൅ 𝑛ଶ ൅ 1ሻ                             ሺ4ሻ 44 

Obviously, 
డ

డ௡య
𝑃୰ୣ୴ୣ୰ୱୣ  is always positive and 

డ

డ௡య
𝑃୤୭୰୵ୟ୰ୢ  is always negative, which 45 

conforms to the law that the net process (whether absorption or emission) is more likely to occur 46 

as the initial state population increases and the final state population decreases.  47 

  48 
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Supplementary Text 2: Discussion of the concept of detailed balancing and feasibility of 49 

using EELS to measure temperature under temperature gradients 50 

The “detailed balance” introduced in this work is the principle of detailed balance for high-51 

energy electron-phonon interactions. One of the fundamental approximations of electron-phonon 52 

interaction is the “frozen lattice” approximation. One of the most important elements of this 53 

hypothesis is that the specimen thickness and the mean-free-path length for phonon excitation 54 

are both smaller than the distance travelled by the electron within the lifetime of the phonon 4. 55 

That is, the time for the electron-phonon scattering process to establish equilibrium is much 56 

shorter than the average lifetime of the phonon. Thus, what the electron actually “sees” is the 57 

population of phonon in a non-equilibrium state. In previous experimental studies, some 58 

researchers have also directly introduced nonequilibrium phonon population number into the 59 

scattering cross-section formula 5.  60 

Based on the above approximation, we introduce a non-equilibrium population number 61 

formulation under temperature gradients 6, as shown in Equation (5): 62 

f஢,୩ ൌ f଴൫ω஢ሺkሻ൯ െ τv஢,୧ሺkሻ
∂f଴
∂T

∂T
∂x୧

ሺ5ሻ 63 

where f0 is the Bose-Einstein distribution function at equilibrium, τ is the relaxation time of 64 

the phonon, and v is the phonon group velocity at the corresponding momentum point. 65 

Considering the processes of electron and phonon scattering in materials, the principle of 66 

detailed balancing rule requires: 67 

P୪୭ୱୱ
P୥ୟ୧୬

ൌ
I୪୭ୱୱ
I୥ୟ୧୬

ൌ
〈n〉 ൅ 1
〈n〉

ሺ6ሻ 68 

where 〈n〉 is the Bosonic distribution under equilibrium states. Then the ratio of the electron 69 

energy loss to the electron energy gain spectral intensity in the equilibrium state satisfies: 70 

I୪୭ୱୱ
I୥ୟ୧୬

ൌ exp ൬
ℏω
k୆T

൰ ሺ7ሻ 71 

Substituting Equation (5) into Equation (6), we obtain Equation (8): 72 

I୪୭ୱୱ
I୥ୟ୧୬

ൌ
β െ σ
β

β ൅ 1 െ σ
ሺ8ሻ 73 

where β ൌ exp ቀ
ℏன

୩ా୘
ቁ െ 1,σ ൌ τv୧

ப୘

ப୶౟

ℏன

୩ా୘మ
. While 

డ்

డ௫೔
ൌ 0, 𝜎 ൌ 0, the system is at 74 

equilibrium state, then the equation degenerates to Equation (7).  75 
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We have solved this model exactly numerically. For wurtzite-AlN optical phonons, the mean 76 

free path of TO phonons at 300 K is approximately 1 nm 7, and the mean free path can be 77 

approximated as the product of the phonon relaxation time τ and the phonon group velocity v. 78 

The typical temperature gradient in the non-interface regions of the heated sample is 0.18 K/nm. 79 

We selected temperature gradients of 0 K/nm, 0.18 K/nm (temperature gradient in bulk measured 80 

by our experiments), 5 K/nm, 20 K/nm, and 60 K/nm to plot the relationship between 81 

log(Iloss/Igain) and ω, as shown in Figure S6. It can be seen from Figure S6 that the non-82 

equilibrium log(Iloss/Igain) curves still pass through the origin, but produce a nonlinear trend and a 83 

slope change than the equilibrium curve at high energy region. Within 5K /nm (orange line), the 84 

temperature gradient only slightly affects the slope of the curve, which is basically within the 85 

experimental error range.  86 

In this work, we measured the temperature map at the micrometer scale, and all the measured 87 

temperature gradients in bulk did not exceed 0.18 K/nm (red line), which is almost no difference 88 

from the temperature fitting in the equilibrium state, indicating the applicability of the local near 89 

equilibrium approximation. While the temperature drop near the interface occurs in the range of 90 

~2nm, and the degree of non-equilibrium is two to three orders of magnitude higher than in bulk, 91 

enough to cause significant non-equilibrium effects. Considering the complexity of defining 92 

temperature under high non-equilibrium degree at interface, we do not focus on the exact value of 93 

temperature in the related discussion in Figure 3. 94 

  95 
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Supplementary Text 3: Discussion of the uncertainties in temperature measurement  96 

The discussion in the main text addresses two types of uncertainty. The first (shown in Fig. 97 

2b) is the uncertainty of the temperature calculation at a single data point, defined as ±3σ (99.7% 98 

confidence interval) of the least squares fit result of temperature. The second uncertainty, 99 

represented by the shaded region in Fig. 2e, is the uncertainty of the average temperature 100 

obtained from multiple data points (equivalent to the error bar), derived from the standard 101 

deviation between the results of multiple acquisitions at the same position. 102 

In our study, the uncertainty of the temperature measurement (Figures 2b, 2c, and 2e) mainly 103 

come from the quantitative ratio of EEL and EEG signals. In this case, the signal-to-noise ratio of 104 

EEG is the key to determine the uncertainty as the EEL signal is much stronger. In order to improve 105 

the signal-to-noise ratio of EEG, we have optimized experimental conditions. Firstly, the 106 

experiments were performed at relatively higher temperature. In this case, the EEG signals are 107 

stronger based-on the Bose Einstein relation. Secondly, in order to achieve high counts of EEG 108 

signal, it is certainly beneficial to increase the integration time of the spectra acquisition. However, 109 

on the other hand, the aberration and current of electron-beam changes over time, leading to 110 

degradation of the resolution and stability of the electron-probe, which will make an additional 111 

contribution to the second type of uncertainty. So, optimization of the acquisition time is important, 112 

and it is beneficial to adopt a longer integration time under the premise that the ZLP shape is almost 113 

unchanged. In addition, if multiple acquisition and superposition can be carried out as other 114 

conditions remain unchanged, the second type of uncertainty will be reduced. Thirdly, although 115 

the higher energy resolution is better for background removal, the highest energy resolution can 116 

be only achieved at very low electron beam current, which corresponds to low signal-to-noise ratio 117 

of spectra. Again, we have optimized the energy resolution and electron counts by adjusting the 118 

EELS parameters to obtain a high energy resolution while maintaining a relatively large beam 119 

current. 120 

  121 
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 122 

Figure. S1 | Preparation method and structure characteristics of the sample. a, Schematic 123 

diagram and scanning electron microscope image showing the sample prepared by focused ion 124 

beam for in situ STEM-EELS experiment. Amorphous carbon (yellow shades) was deposited on 125 

both sides of the sample (blue shade). The right one is used for Joule heating and the left one is 126 

used to connect the silicon substrate as the heat sink. The illustration shows the thickness (color 127 

bar 0-60 nm) of the interface area marked by the red box, and the white dashed box marked the 128 

collection area of Fig. 2e, whose thickness is 25~35 nm.  b, Thickness mapping from EELS 129 

showing the typical thickness of the acquisition area in Fig. 2c is about 30~40 nm. Two sides of 130 

the foil sample are cut through to satisfy the one-dimensional heat transfer model. The red dashed 131 

box marked the collection area of Fig. 2c. c, Core-loss EEL signal showing the elemental 132 

distribution near the interface. Typically, the EELS measured intermixing width is less than 1 nm. 133 

  134 
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 135 

Figure. S2 | Spectral characteristics, calculation results of equilibrium states and off-axis 136 

direction used in experiments. a, b, Experimental fitted temperature map at room temperature 137 

without heating (a) and on a uniformly heated sample at ~640 K without temperature gradients (b). 138 

c, d, EEG spectra across the interface at room temperature (c) and high temperature (d). e, f, 139 
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Corresponding EEL spectra. g, h, Projected phonon DOS near the interface at 300 K (g) and 600 140 

K (h) calculated from molecular dynamics, showing no significant difference between 300K and 141 

600K except for a slight redshift (<2 meV). i, Phonon spectra extracted from (c-f) at the position 142 

of SiC (red line), AlN (blue line) and interface (green shade). j, Interface residual spectra after 143 

removing the spectral components of bulk SiC and AlN using the least squared fitting method. At 144 

room temperature, EEG signal of curve C is too weak to extract interface residual signal. In 145 

equilibrium at high temperature of curve D, both α and β modes have a certain intensity in EEG 146 

signal, which is consistent with EEL signal, indicating that the absence of non-equilibrium 147 

population distribution without heat flow. k, Relative direction between EELS entrance aperture 148 

and diffraction disk. The red circle and green circles are transmission disk and diffraction disks 149 

respectively. The yellow disk represents the EELS entrance aperture, with its center oriented at a 150 

45° angle to the interface, which can keep most of modes along Γ-A direction have high excitation 151 

activity. 152 

  153 
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 154 

Figure. S3 | Validation of NEP Potentials. a, Atomic energies and forces obtained from AlN/SiC 155 

NEP and ab initio calculations for the testing dataset. b, c, Comparison of ab-initial phonon 156 

spectrum of AlN (b) and SiC (c). The LO-TO splitting effect was not considered while using NEP. 157 

d, Comparison of Phonon DOS calculated from velocity autocorrelation function (VACF) of 300 158 

K MD trajectory and Density Functional perturbation theory (DFPT).  159 

  160 
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 161 

Figure. S4 | Details of NEMD Simulations. a, The interface structure used in NEMD simulation. 162 

The structure is a hexagonal lattice with an in-plane cell parameter of 3.75 nm and an out-plane 163 

cell parameter of 72.2 nm.  The enlarged image on the right shows the atomic configuration near 164 

the interface, with termination surfaces of Si and N. b, Temperature line profiles of NEMD 165 

simulation at different temperatures and heat current directions. c, Accumulated heat of NEMD 166 

simulation at different temperatures and heat current directions.  167 

  168 
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 169 

Figure. S5 | Vibrational eigenvectors of interfacial modes α and β (a, c) and an isolated 170 

mode in AlN (b). For clarity, the amplitudes of eigenvectors were magnified by a factor of five. 171 

  172 
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 173 

Figure S6 | Function of log(Iloss/Igain) versus ω under temperature gradient induced non-174 

equilibrium state. Blue line (𝛁T=0 K/nm) and orange line (𝛁T=0.18 K/nm) are too close to 175 

be distinguished. 176 

  177 
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Table S1  178 

Calculated interfacial temperature drop, interfacial thermal resistance and thermal 179 

rectification ratio at different temperatures and heat flow directions. 180 

 
ΔT

+
(K) ΔT

-
(K) R

+
(m

2
K/GW) R

-
(m

2
K/GW) R

-
/R

+
 

300K 36.51  36.40  0.70 0.72 1.0051 

400K 32.67  33.06  0.68 0.72 1.0028 

500K 29.36  30.83  0.63 0.68 1.0611 

600K 23.47  25.50  0.54 0.61 1.1483 

 181 
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