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 A B S T R A C T

The interplay of electron–electron (e–e) scattering and electron–phonon (e–p) scattering plays a crucial role 
in dephasing in quantum transport. To identify the dominant scattering mechanism, the inelastic scattering 
exponent 𝑝 and the dephasing exponent 𝑝′ become essential. Prior studies have suggested an equivalence 
between 𝑝, extracted from the inelastic scattering length 𝐿in, and 𝑝′, obtained from the dephasing length 𝐿𝜙. 
Here, in epitaxial graphene on SiC, we report a pronounced discrepancy between 𝑝 ≈ 2 and 𝑝′ ≈ 1 when 
the applied gate voltage 𝑉G is 0. With increasing 𝑉G, the contrasting evolution of 𝑝 and 𝑝′ demonstrates 
stronger evidence that they are not universally equivalent. These findings reveal that the commonly assumed 
correspondence between 𝑝 (from ≈ 2 to ≈ 3) and 𝑝′ (from ≈ 1 to ≈ 0.75) is not valid beyond a limited current 
range and with different carrier densities, offering new insight into scattering mechanisms in two-dimensional 
systems.
1. Introduction

At sufficiently low temperatures, where phonon activity is strongly 
suppressed, electron–phonon (e–p) coupling becomes weak and results 
in an extreme thermal isolation property of graphene [1–4]. This in-
dicates that electron–electron (e–e) interactions, arising from Coulomb 
interactions between electrons [5], becomes the dominant energy ex-
change mechanism. The inelastic scattering length 𝐿in represents the 
relaxation of the energy distribution toward thermal equilibrium [6]. 
The scaling behavior of 𝐿in is given by [7–10] 

𝐿in ∼ 𝑇 −𝑝∕2, (1)

where 𝑝 is the inelastic scattering exponent and 𝑇  is the temperature.
Through current-heating experiments, electrons possess a distinct 

effective temperature 𝑇eff from the lattice temperature. The relation 
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between the applied current 𝐼 and 𝑇eff is given by [10–14] 

𝑇eff ∼ 𝐼𝛼 , (2)

where 𝛼 is the current heating exponent. The thermal energy that the 
electron acquired is expressed as [10,11] 

𝑘𝐵𝑇eff ∼ 𝑒𝐸𝐿in, (3)

where 𝑘𝐵 is the Boltzmann constant, 𝑒 is the elementary charge, and 
𝐸 is the electric field. By substituting Eqs.  (2) and (3) in Eq. (1), the 
relation between 𝑝 and 𝑇eff can be written as [10,11] 

𝑇eff ∼ 𝐼2∕(2+𝑝). (4)

In general, a value of 𝑝 = 2 is typically associated with e–e interactions 
governed by energy dissipation in a diffusive two-dimensional Fermi 
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Fig. 1. Cartoon of the four-terminal measurements on an epitaxial graphene 
QHD. The longitudinal resistivity 𝜌𝑥𝑥 was obtained from the measured longitu-
dinal resistance 𝑅𝑥𝑥 using 𝜌𝑥𝑥 = 𝑅𝑥𝑥×𝑊 ∕𝐿, where 𝑊  is the Hall-bar width and 
𝐿 is the distance between the longitudinal voltage probes. The Hall resistivity 
was taken as 𝜌𝑥𝑦 = 𝑅𝑥𝑦.

liquid [10,15]. The observed increase in 𝑝 is consistent with values 
reported in previous studies where e–p scattering plays an increasingly 
important role. [7,16].

The dephasing length 𝐿𝜙 quantifies the extent to which electrons 
maintain quantum phase coherence [6] and follows a temperature 
dependence given by 𝐿𝜙 ∼ 𝑇 −𝑝′∕2 (Ref. [17–19]), where 𝑝′ is the 
dephasing exponent that identifies the dominant scattering mechanism 
depending on the system dimensionality and the film quality [18,20]. 
In two dimensions, the nature of e–e scattering leads to different 
dephasing behaviors and results in a distinct value of 𝑝′. In the dirty 
limit regime, where electron motion is diffusive, dephasing is governed 
by Nyquist scattering, which originates from interactions with dynam-
ically fluctuating electromagnetic potentials generated by surrounding 
electrons [20]. This low-energy-transfer process results in a linear 
temperature dependence of the dephasing rate, 1∕𝜏𝜙 ∼ 𝑇 , yielding 
𝑝′ = 1 (Ref. [21–25]). In contrast, in the clean limit regime, where 
carriers enter the ballistic regime, dephasing is dominated by large-
energy-transfer e–e scattering processes. These processes are more effi-
cient in relaxing phase coherence and lead to a quadratic temperature 
dependence, 1∕𝜏𝜙 ∼ 𝑇 2, corresponding to 𝑝′ = 2 (Ref. [25]).

Seminal studies have shown that 𝐿in is generally comparable to 
𝐿𝜙 when e–e scattering dominates under finite environmental (lattice) 
temperatures [11,12,26–30]. Consequently, the exponent 𝑝, extracted 
from 𝐿in, has often been considered equivalent to 𝑝′ obtained from 
𝐿𝜙. However, our previous work revealed a clear discrepancy between 
𝑝 ≈ 2 and 𝑝′ ≈ 1, even under a finite lattice temperature, which might 
originate from the breakdown of the equilibrium between e–e and e–p
scatterings [31].

Here, we provide further evidence that 𝑝 and 𝑝′ are not universally 
equivalent, as the discrepancy manifests not only in their values but 
also in their distinct evolution with increasing gate voltage 𝑉G. While 𝑝
increases from ≈ 2 to ≈ 3, indicating a clear crossover from e–e to e–p
scattering [7,16], 𝑝′ instead exhibits a contrasting decreasing mono-
tonic evolution from ≈ 1 to ≈ 0.75 within the measured gate-voltage 
range.

2. Experimental details

The monolayer epitaxial graphene quantum Hall device (QHD), 
grown on a 4H-SiC(0001) substrate [32], was functionalized with 
chromium tricarbonyl [Cr(CO)3] to shift the Fermi level closer to 
the Dirac point and to provide additional stability [33]. Following 
a standard photolithography technique, which provides guaranteed 
high-quality and reproducibility epitaxial graphene [34–37], the inves-
tigated device was etched into a Hall bar geometry with a length of 
40 μm and a width of 5 μm. A hexagonal boron nitride (h-BN) flake, 
with a thickness of approximately 60 nm, was subsequently transferred 
onto the graphene surface to serve as the dielectric layer, followed by a 
2 
Fig. 2. Magnetotransport measurements of the QHD at 𝑉G = 0 V. (a) 
Temperature-dependent longitudinal resistivity 𝜌𝑥𝑥 and (b) Hall resistivity 𝜌𝑥𝑦
ranging from 500 mK to 30 K with an applied current 𝐼 = 0.1 μA. (c) Current-
dependent 𝜌𝑥𝑥 and (d) 𝜌𝑥𝑦 with different applied current from 0.05 μA to 11 μA
at 𝑇base.

Fig. 3. Characteristics of the QHD. (a) Schematic of 𝑉G-dependent 𝜇 (red data) 
and 𝑛 (blue data) from 𝑉G = −10 V to 12 V. (b) Illustration of 𝜇 plotted 
against 𝑛 on a double-logarithmic scale. The linear fit (red line) shows a 
correspondence of nearly 𝜇 ∼ 𝑛−1∕2. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this 
article.)

deposition of a 50-nm-thick Au/Pt top gate. The experiment was carried 
out with standard four-terminal measurements, as illustrated in Fig. 
1. At 𝑉G = 0 V, the carrier density and mobility are estimated to be 
2.3 × 1011 cm−2 and 4970 cm2V−1s−1, respectively.

3. Results

Fig.  2 presents the magnetotransport characteristics of the QHD at 
𝑉G = 0 V, showing both the longitudinal resistivity 𝜌𝑥𝑥 and the Hall re-
sistivity 𝜌𝑥𝑦 after symmetrization and antisymmetrization, respectively. 
Data at higher gate voltages (𝑉G = 2, 4, and 8 V) are provided in 
Supplementary Section [38]. Notably, both 𝜌xx (Fig.  2c) and 𝜌xy (Fig. 
2d) remain unchanged at 𝐼 < 0.4 μA, indicating negligible electron 
heating in this regime.

The carrier density 𝑛, shown as the blue data in Fig.  3a, is extracted 
from the slope 𝑅H of 𝜌xy (Fig.  2b) within a small magnetic field (−0.5 
𝑇  to 0.5 T), via 𝑛 = 1∕(𝑒𝑅H), where 𝑒 is the elementary charge. The 
mobility 𝜇 (red points depicted in Fig.  3a) is calculated via the relation 
given by 𝜇 = 𝑅H∕𝜌xx0, where 𝜌xx0 is the zero-field resistivity shown in 
Fig.  2a. The relation between 𝑛 and 𝜇 follows a power-law behavior, 
written as 𝜇 ∼ 𝑛−1∕2, shown as the linear fit in Fig.  3b, which is 
consistent with prior studies [39–41].

3.1. Extraction of the inelastic scattering exponent 𝑝

The two-bath model, in which e–e scattering and e–p scattering are 
treated as two separate thermal reservoirs, provides an alternative to 
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Fig. 4. The extraction of 𝑇eff at 𝐵 = 0 T. (a) Temperature-dependent 𝜌xx. The red region indicates a temperature-independent regime, where 𝜌xx remains nearly 
constant. The arrow indicates a threshold temperature (𝑇th = 4 K) that could be guaranteed for 𝑇eff estimation. The red curve shows a fifth-order polynomial 
fit to the data points. (b) Current-dependent 𝜌xx. (c) Schematic of 𝑇eff as a function of 𝐼 at zero magnetic field (𝐵 = 0 T) on a double-logarithmic scale. The 
blue region (𝑇eff < 4 K) shows a forbidden area where 𝑇eff estimation is unavailable, owing to the insufficient electron heating (shown as the red area in Fig. 
4a). In the high-current regime, the red line represents a linear fit, from which the slope gives the exponent 𝛼 = 0.50 ± 0.01. The arrow points out 𝑇eff_th = 4.05K 
(corresponding to ≈ 0.5 μA), marking the lower bound of the fitting range. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
Fig. 5. Exponents 𝛼 (red) and 𝑝 (blue) plotted against 𝐵 at (a) 𝑉G = 0 V, (b) 𝑉G = 2 V, (c) 𝑉G = 4 V, and (d) 𝑉G = 8 V. A gradual decrease and increase 
are exhibited in 𝛼 and 𝑝, respectively, with increasing 𝑉G. Error bars are the standard deviation (1σ) obtained from the linear fitting. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
determining the exponents 𝛼 and 𝑝 [12]. The close resemblance be-
tween the temperature-dependent (Fig.  4a) and the current-dependent 
(Fig.  4b) 𝜌𝑥𝑥 provides an approach to determine the effective tempera-
ture 𝑇eff for each applied current while the lattice maintained at a finite 
base temperature 𝑇base = 500 mK, as shown in Fig.  4c. Notably, the blue 
region (𝑇eff < 4 K) indicates that the 𝑇eff estimation becomes unreli-
able owing to the temperature-independent 𝜌xx in the low-temperature 
regime (illustrated as the red region in Fig.  4a), suggesting that the 
injected power is insufficient to overcome energy relaxation via e–p
scattering. This undistinguishable 𝑇eff region shows great agreement 
with the overlapped 𝜌xx and 𝜌xy, as illustrated in Fig.  2. In this low-
current regime, the system may remain close to thermal equilibrium 
with the lattice, and electron heating is negligible. In other words, e–e
and e–p scattering processes are effectively balanced, maintaining the 
system in an equilibrium state.

To quantify the current-induced 𝑇eff, a fifth-order polynomial fit was 
applied to the temperature-dependent 𝜌xx, shown as the red curve in 
Fig.  4a. The current-dependent 𝜌xx, shown in Fig.  4b, was then con-
verted into 𝑇eff by substituting each 𝜌xx value into the fitted polynomial. 
The resulting current dependence of 𝑇eff is shown in Fig.  4c.

A linear fit to the high-current regime (𝐼 ≥ 0.5 μA), shown as the red 
line in Fig.  4c, follows Eq. (2) and yields 𝛼 = 0.50 ± 0.01, which shows 
great agreement with seminal studies [10,31]. Within the framework of 
the current heating model, 𝛼 can be directly linked to the exponent 𝑝
through the scaling relation given by 𝛼 = 2∕(2+𝑝) (Ref. [11]), and yields 
𝑝 = 2.00±0.08. A value of 𝑝 ≈ 2 is expected for the e–e scattering in the 
diffusive regime of two-dimensional systems, which is consistent with 
prior studies in graphene [19,31] and GaAs systems [42,43]. Notably, 
both 𝛼 and 𝑝 show no discernible dependence on the magnetic field B, 
as depicted in Fig.  5a, which is consistent with prior studies [31,44]. 
This independence from 𝐵 indicates that e–e interactions govern the 
dominant energy relaxation process at high currents. Moreover, in 
this high-current regime, current-induced hot carriers drive the system 
out of equilibrium, as the energy dissipation through e–p interactions 
3 
remains mostly unchanged, while the energy exchange among electrons 
increases via e–e scattering [31]. This interpretation is consistent with 
earlier studies in GaAs systems  [42,43], showing that current heating 
does not significantly affect the inelastic scattering process, but solely 
influence the dephasing mechanism.

With increasing 𝑉G, 𝛼 gradually decreases from 0.5 to 0.4 while 𝑝
increases from 2 to 3 (Fig.  5), indicating a transition of the tempera-
ture dependence of the energy relaxation power [14]. This evolution 
suggests a crossover of the dominant scattering mechanism from e–e to
e–p scattering [7,16]. Such a transition demonstrates that the enhanced
e–p coupling at higher carrier densities with increasing 𝑉𝐺, as shown in 
Fig.  3a, raises the efficiency of the energy dissipation to the lattice. For 
more information regarding the exponents 𝛼 and 𝑝 at 𝑉G = 8 V, please 
see the Supplementary Section [38].

3.2. Extraction of the dephasing exponent 𝑝′

The temperature-dependent 𝐿𝜙 allows extraction of the exponent 𝑝′
and provides insight into the dominant scattering mechanism. At 𝐵 ≤
0.2 T, the converted magnetoconductivity 𝛥𝜎xx = 𝜎xx(𝐵) − 𝜎xx(𝐵 = 0)
exhibits a pronounced signature of the weak localization (WL) effect, 
which gradually diminishes with increasing temperature, as depicted 
in Fig.  6a–d. To quantitatively analyze the WL effect, we employ the 
Hikami–Larkin–Nagaoka (HLN) model, given by [45,46]: 

𝛥𝜎𝑥𝑥(𝐵) =
𝑒2

𝜋ℎ

[

𝐹
(

𝐵
𝐵𝜙

)

− 𝐹
(

𝐵
𝐵𝜙 + 2𝐵𝑖

)

− 2𝐹
(

𝐵
𝐵𝜙 + 𝐵𝑖 + 𝐵∗

)

]

,
(5)

where 𝐵𝜙 = ℎ
8𝜋𝑒𝐿2

𝜙
, 𝐵𝑖 =

ℎ
8𝜋𝑒𝐿2

𝑖
, 𝐵∗ = ℎ

8𝜋𝑒𝐿2
∗
, 𝐿𝑖, and 𝐿∗ are intervalley 

and intravalley scattering lengths, respectively. The notation 𝐹 (𝑧) =
ln 𝑧 + 𝛹 (0.5 + 𝑧−1) and 𝛹 (𝑥) is the digamma function.
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Fig. 6. Characteristics of the WL effect at 𝑉G = 0, 2, 4, and 8 V at 𝐼 = 0.1 μA. (a–d) Schematic of 𝛥𝜎xx as a function of 𝐵 for temperatures ranging from 500 mK to 
30 K. Solid lines represent fits to the HLN model. (e–h) Temperature dependence of 𝐿𝜙, 𝐿𝑖, and 𝐿∗. (i–l) Temperature dependence of 𝐿−2

𝜙  on a double-logarithmic 
scale. The arrow points out the threshold temperature 𝑇th = 4 K, above which the linear fit is performed. The linear fit yields the exponent 𝑝′ which gradual 
decrease from ≈ 1 to ≈ 0.75 with increasing 𝑉G. Error bars are the standard deviation (1σ) obtained from the linear fitting. (i) At 𝑉G = 0 V, a linear fit (red line) 
yields an exponent 𝑝′ = 0.99± 0.03, which shows consistency with the dominant e–e scattering regime.. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
The three extracted characteristic lengths, 𝐿𝜙, 𝐿𝑖, and 𝐿∗, are shown 
in Fig.  6e–h, at 𝑉G = 0, 2, 4, and 8 V. Notably, the length of 𝐿𝜙 surpasses 
𝐿𝑖 and 𝐿∗, indicating that phase coherence persists over a longer length 
scale than intervalley and intravalley scattering processes. Moreover, 
𝐿𝑖 and 𝐿∗ remain nearly temperature-independent across the entire 
measured temperature range and all investigated 𝑉G. These results are 
consistent with previous studies [30,47].

The temperature dependence of the converted dephasing length 𝐿−2
𝜙

is presented in Fig.  6i–l on a double-logarithmic scale. Notably, the 
threshold temperature 𝑇th = 4 K, as shown in Fig.  6i–l, is in good 
agreement with the threshold of the effective temperature 𝑇eff_th = 4.05
K, as shown in Fig.  4, indicating that the heating power required to 
overcome the energy relaxation via e–p scattering is consistent between 
current-heating and temperature-dependent measurements.

At 𝑉G = 0 V (Fig.  6i), in the high-temperature regime (𝑇 ≥ 4 K), 𝐿−2
𝜙

follows a clear power-law dependence, 𝐿−2
𝜙 ∝ 𝑇 𝑝′ , yielding an exponent 

𝑝′ = 0.99 ± 0.03. This value is consistent with e–e scattering governed 
by the Nyquist mechanism in the dirty limit of two-dimensional sys-
tems [21–25], indicating that e–e scattering dominates the dephasing 
process in this temperature range with a low current applied (𝐼 = 0.1
μA).

A decrease from 𝑝′ ≈ 1 to ≈ 0.75, with increasing 𝑉G, is explicitly 
shown in Fig.  6i–l. Although the fitted values carry finite uncertainties, 
both the upper and lower bounds of 𝑝′ exhibit the same monotonic 
decrease with increasing 𝑉G, supporting the robustness of the observed 
evolution. This evolution cannot be explained solely by a simple inclu-
sion of e–p scattering, which results in a value of 𝑝′ = 1.5 (Ref. [48,49]). 
Here, we consider two possibilities that might lead to the decrease of 
𝑝′.

Firstly, we note that for a two-dimensional (2D) electron system 
dominated by Nyquist e–e interaction, one typically obtains a linear 
temperature dependence, corresponding to 𝑝′ = 1. In contrast, for a 
one-dimensional (1D) diffusive system, Nyquist dephasing predicts a 
weaker temperature dependence, giving 𝑝′ = 2∕3 [21]. However, we 
4 
do not expect such a dimensional crossover in the present devices, 
since the epitaxial graphene used in this study is a conventional Hall-
bar geometry with a continuous two-dimensional conducting channel. 
We therefore consider a dimensionality reduction to be an unlikely 
explanation.

Secondly, we attribute the evolution to the increase in 𝑛 with 
increasing 𝑉G (see Fig.  3a), which leads to an enhancement in the 
density of states at the Fermi level, resulting in a stronger screening 
of the Coulomb interaction [49,50]. This suppresses the contribution 
from low-energy-transfer Nyquist scattering processes, which are in-
herently sensitive to long-range Coulomb interactions, dominating in 
the diffusive regime. Consequently, the phase-breaking rate deviates 
from the conventional situation, where 𝑝′ = 1, and results in a smaller 
𝑝′ value. We note that the measured increase in 𝑛 provides direct 
experimental support for this interpretation. Nevertheless, the present 
explanation is qualitative rather than a quantitative predictive model 
linking the screening strength to the extracted dephasing exponent 𝑝′. 
Nevertheless, the countering evolution of and the discrepancy between 
𝑝 and 𝑝′ highlight that the equivalence between 𝑝 and 𝑝′ is not universal 
and should be carefully considered under different circumstances.

4. Conclusion

In conclusion, we demonstrate experimental evidence which indi-
cates that the commonly assumed equivalence between 𝑝 and 𝑝′ may 
not hold beyond the current limit (≈ 0.5 μA) due to the nonequilibrium 
between e–e and e–p scattering processes. Furthermore, with increasing 
𝑉G, 𝑝 increases from ≈ 2 to ≈ 3, indicating a crossover from e–e to e–
p dominated energy relaxation, while 𝑝′ decreases from ≈ 1 to ≈ 0.75, 
revealing a deviation from the conventional e–e diffusive dephasing pic-
ture. This contrasting evolution clearly exhibits that energy relaxation 
and phase coherence are governed by distinct microscopic processes 
and cannot be considered equivalent, especially under carrier-density 
tuning and hot-carrier conditions. Our results provide the necessity of 
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independently characterizing energy relaxation and phase coherence, 
and offer new insight into the interplay of scattering mechanisms in 
low-dimensional quantum systems. Notably, we acknowledge that this 
interesting evolution is reported in a single gated graphene on SiC, 
further work is required in order to substantiate our interpretation.
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