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We revisited the influence of electron-electron scattering on the resistivity of a two-dimensional system
with a linear spectrum. In conventional systems with a parabolic spectrum, where umklapp scattering is
either prohibited or ineffective due to the small Fermi surface, particle-particle scattering does not
contribute to conductivity because it does not change the total momentum. However, within the framework
of the Boltzmann kinetic model, we demonstrate that electron-electron scattering in Dirac systems
can significantly contribute to conductivity, producing distinct temperature-dependent corrections: a T*
behavior at low temperatures and a 72 dependence at moderate temperatures. While the predicted 7+
scaling is not observed experimentally—Ilikely suppressed by dominant weak localization effects—the
T? scaling is clearly confirmed in our measurements. Specifically, temperature-dependent resistivity data
from a gapless single-valley HgTe quantum well exhibit 72 corrections, which align well with theoretical

predictions. Thus, we challenge the paradigm that the 72 term in resistivity is absent in single-band

2D metals.
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Introduction—The transport properties of strongly inter-
acting systems pose a significant challenge in modern
physics. One long-standing issue is the century-old debate
regarding how electron-electron scattering contributes to
resistivity, which is often theorized to follow a p ~ T?
behavior [1]. Despite this expectation, experimentally
detecting this 72 behavior and attributing it directly to
electron-electron interactions has proven difficult and
remains largely inconclusive [2,3].

This quadratic temperature resistivity contribution only
emerges when the Fermi surface is open and crosses the
boundary of the Brillouin zone. Under these conditions,
electrons can transfer momentum to the lattice by jumping
between opposite sections of the Fermi surface. However,
the resulting resistance is not a universal property; it is
highly sensitive to the details of the Fermi surface topology.
Furthermore, a collision integral representing electron-
electron interactions that do not transfer momentum to
the lattice fails to impact resistivity, unless the electric
current is independent of the momentum density [4].

Consequently, the influence of electron-electron inter-
actions on transport properties can be identified through
several mechanisms for non-Galilean-invariant systems:
(a) the presence of specific Fermi surface characteristics
that enable umklapp scattering [4], (b) in compensated
semimetals [5,6], (c) in two-subband systems with different
effective masses and impurity scattering time [7-11], and
(d) through electronic hydrodynamic effects in narrow
channels [12-21].
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It is important to note that perturbation theory predicts
that unlike the Galilean-invariant case where not only the
T? term but all higher-order terms are absent, the finite-7
terms may appear for a nonparabolic spectrum. A quali-
tative theoretical analysis in [4] states that it should be a T*
behavior. However, this situation has not yet been studied
in detail. Here, we prove both theoretically (using the same
approach as in paper [4]) and experimentally that the
resistivity of a degenerate electron system with linear-in-
momentum spectrum behaves as 72.

Materials with a Dirac-like spectrum, such as graphene,
require more detailed theoretical and experimental study
due to several specific features in their spectrum and
transport properties. First, compensated graphene is a pure
material and should exhibit resistance dominated by
electron-electron interactions. It is essential to recognize
that at the charge neutrality point, thermal excitation of
both electrons and holes facilitates the investigation of
electron-electron limited transport in the nongenerated
regime [22]. Furthermore, graphene samples are fabricated
using exfoliation techniques, resulting in mesoscopic
dimensions. In such cases, the channel size affects
electron-electron limited transport (Gurzhi effect), while
a thorough transport analysis generally necessitates macro-
scopic samples. Additionally, much of the research has
concentrated on bilayer graphene, where the energy
spectrum approaches parabolic characteristics at low
energies [23-25].

© 2025 American Physical Society
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Recognizing the importance of new quantum materials
with a linear spectrum, it is essential to search for materials
that can serve as effective platforms for studying inter-
action-affected transport. Gapless HgTe quantum wells
present such an opportunity due to their high mobility
and the ability to control carrier density. In this Letter, we
theoretically investigate the contribution of electron-elec-
tron scattering in systems with a linear spectrum far from
the Dirac point. We derive a 77 term in the conductivity, a
conclusion that is quite general and applicable to any
system exhibiting a linear spectrum. Experimentally, we
tested this prediction in a specific gapless HgTe quantum
well and found reasonable agreement with our theoretical
results. Thus, our findings confirm that the 72 term in
resistivity is indeed present in single-band 2D Dirac metals.

Theory—The theoretical model we consider is as fol-
lows: We assume that there is a two-dimensional single-
band material with a linear dispersion characterized by the
constant band parameter v having the velocity dimension.
Thus, in the framework of this model, the energy dispersion
of degenerate charge carriers with momentum p is given by
the expression &, = vp. We assume the charge carriers to
be electrons. Such a theoretical model is directly related to
the experimental structure considered in the next section.

At zero temperature, the system resistance is determined
by the electron scattering off impurities characterized by
the constant scattering time z;. At finite temperatures, the
temperature-dependent correction to the resistance is due to
interparticle scattering processes. At finite but low enough
temperatures, when the electron-electron scattering proc-
esses are characterized by the scattering time z,,, the
temperature-dependent correction to the resistivity can be
found via a successive approximation with respect to
small parameter 7,, > 7;, considering the interelectron
scattering integral in the Boltzmann transport equation
perturbatively.

The Bolzmann equation describing the electron interac-
tion with external electric field E, random impurity poten-
tial, and with other electrons reads —(F-V,)f, =
—(fp —np)/7i + Qeelfp} Here, F = eE, where e > 0 is
an absolute value of electron charge, n,, is an equilibrium
electron distribution function, and Q,, is an electron-
electron collision integral. We apply here the simple z;
approximation for the electron-impurity collision integral.

In the limit z,, > 7;, the interparticle collision integral
can be considered as a correction. Expanding the non-
equilibrium distribution function into the first order with
respect to the external force F as fy) = np + dfp, the
linear-in-F correction is decomposed into the electron-
impurity scattering contribution, and the contribution

related to electron-electron scattering 5f, = J, fl(,0> +6 ff,l).

Here, 5f£,0) and 5f1(,]) are the iteration corrections with
respect to the small term Q,,. Deploying the method of

successive iterations results in 5f1()0) = 7;(F-vp)n, and
1 0
5fy) = 1101013}
The electron-electron-collision-induced electric current
density correction reads as j=—er;) vaee{éfg))).
After cumbersome calculations [26], we arrive at the

expression describing the current density correction
induced by the interparticle collisions in the form

j=2nez; Z | Uq|2(”p —np_q) (i — N 1q)
pk.gq

X (F-vp)[Vp + Vi = Vpg = Vicrq]
+o0 D)
" /—°° mé(e”q — e —)d(€p_q —€p + @).

(1)

Here, Uq is a Fourier transform of interparticle interact-
ing potential. This is a general expression for the current
correction. It is easy to see that for Galilean-invariant
systems, v, = p/m, and the total velocity under collision in
Eq. (1) vanishes v, + Vg —Vp_q — Vg = (P+k—p+
q—k —q)/m = 0. This is not the case for the Galilean-
noninvariant system, say, for systems with linear dispersion
€p = vp. Indeed, the corresponding velocity reads
v, = vp/p = v*p/e,, where p = |p| is an absolute value
of the particle momentum. Thus, the velocity factor
Vo Vi = Vpq = Vierqg = 07 (P H ke — (P~ q)eply—
(k +q)e!,) does not vanish under the momentum con-
servation condition, resulting in the nonzero contribution to
the current Eq. (1). The conductivity correction induced by
interparticle scattering is directly related to the current
density Eq. (1) in the non-Galilean-invariant system. The
lengthy analysis [26] yields (e, = vq),

97[)2(1) +oo_ w'dw 0
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The final integration requires the particular form of an
interparticle interaction potential Ug = 2re? Je(q + q,),
where ¢, is wave vector related to the screening effects
due to the presence of mobile carriers. Below, we present
the comparison of this expression with experimental data. It
should be noted that the expression Eq. (2) was formally
found via a perturbation procedure over the small param-
eter 7;/7,, < 1 and may formally hold up to 7;/7,, < I.

ee —

In the region 7;/7,, > 1, our approach is not applicable,
and a more sophisticated self-consistent method must be
used [28,29]. Taking into account the bare Drude conduc-
tivity for particles with linear Dirac spectrum oy =
(e?/4n)(ut;/h), where p is the Fermi level of degenerate

electrons, the correction to resistivity reads

i) G Ge o
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where T* = hvq, = (ue?/ehv) is the characteristic tem-
perature separating different temperature regimes [26].
The parameter g, = 2ue’/ev® represents the screening
wave vector for mobile carriers with a linear spectrum.
One can expect that at low temperatures (T << T%),
Sr — (T/T*)*InT, and the corrections are given by
6y ~T*In(2u/T). At high temperatures (7 > T*),
S — const, and the corrections follow o, ~ T2.

Experiment—HgTe-based quantum wells have attracted
considerable attention due to their ability to generate a
range of unconventional quantum materials, which are
influenced by the quantum well’s thickness. Notably, the
energy spectrum of a gapless HgTe quantum well with a
width of 6.3-6.5 nm features a single-valley Dirac cone at
the center of the Brillouin zone. This characteristic makes
the system quite similar to graphene. However, due to the
single-valley structure, the electronic properties differ
significantly from those of the multivalley graphene. In
this HgTe well, Dirac fermions exhibit a linear energy
spectrum for both electrons and holes given by &, = %v|p|,
where the Fermi velocity is v = 7 x 107 cm/s = ¢/430
(with ¢ being the speed of light) and k representing the
momentum [30].

The inset of Fig. 1 illustrates the variation in resistivity as
a function of the gate voltage for samples A and B at a
temperature of 5 K. The resistance displays a pronounced
peak at the charge neutrality point corresponding to the
zero-energy level. This behavior is characteristic of gapless
semiconductors, such as graphene. The maximum electron
density observed corresponds to a Fermi energy of approx-
imately 150 meV.

We fabricated quantum wells using HgTe/Cd, Hg,_, Te
material with a [013] surface orientation. The wells had
equal widths, with d, measuring 6.7 nm. The devices used
in this Letter were multiterminal bars with three consecu-
tive segments, each 50 pm wide, and varying lengths
of 100, 250, and 100 pm [26]. A 200 nm SiO, di-
electric layer was deposited on the sample surface, which
was then covered by a TiAu gate. The density variation
with gate voltage was estimated to be approximately
0.9 x 10'"" cm=2/V calculated from the dielectric thickness
and Hall measurements. Figures 1(a) and 1(b) display the
variation of resistance with the gate voltage across a broad
temperature range, specifically for the gate voltage interval
corresponding to the electronic part of the spectrum. The
plot shows a notable increase in resistance as the temper-
ature rises, with one exception: In the temperature range
5 K < T < 20 K, areduction in resistance with increasing
temperature is observed. This phenomenon can be
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FIG. 1. Resistance as a function of the gate voltage at different
temperatures for samples A (a) and sample B (b) for the electron
side of the energy spectrum. Inset: resistance as a function of the
gate voltage at for two gapless HgTe quantum wells, 7 = 5 K.

attributed to the weak localization effect, which has been
previously reported in the studies [26,27].

To further explore the temperature-dependent behavior
of resistance (or resistivity), we calculate the ratio of the
excess resistivity to resistivity at 7 =5 K denoted as
Ap(T)/p(T =5 K) = [p(T) = p(T = 5 K)|/p(T =5 K).
Figure 2 presents the excess resistance for different electron
densities across a wide temperature range for both samples
A and B. The main feature of the experimental dependences
shown in Fig. 2 is the presence of two distinct regimes with
fundamentally different temperature behaviors, separated
by an excess resistance minimum at 7* ~ (10 — 20) K. The
value of 7™ varies slightly between different samples and
electron densities.

In the low-temperature regime (7" < T*), the excess
resistance increases slightly as the temperature approaches
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FIG. 2. Excess resistivity Ap(T) = [p(T)—-p(T =5 K)]/
p(T =5 K) as a function of the temperature for various densities
for samples A (a) and B (b). The dashes show the 72 dependence
calculated from Eq. (6).
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zero; we attribute this behavior to weak localization effects.
Conversely, in the high-temperature regime (7 > T%),
the excess resistivity follows a T? dependence across all
measured electron densities. This behavior suggests a
dominant contribution from electron-electron scattering
to the excess resistance. It is important to note that phonon
scattering results in a linear temperature dependence [31].
An evaluation of the scattering time indicates that it is
significantly smaller than what we observed in our temper-
ature range. If this were not the case, we would expect to
see strong deviations of p(T) from the T? dependence,
which is not observed (see Fig. 2).

A comparison involves matching the experimental
behavior with the theoretical expression in Eq. (3).
Notably, Eq. (3) also exhibits two distinct temperature
regimes with different scaling behaviors. As we mentioned
above, we find that at low temperatures (T < 7*), Eq. (3)
gives a correction o, ~T*In(2u/T). As T — 0, this
contribution becomes negligible, leaving only the dominant
weak localization behavior observed experimentally In
contrast, at higher temperatures 7> 7%, Eq. (3) yields

ez [ 2 \2/Tr\2
7= T6n <8hv> (h) ’ )

0 c 2/(nh T;
P a1 1) L
ee

where (1/7,,) = (Ce?/ehv)*(T?/u) = (Ca.,)*(T?/p) is an
inverse electron-electron scattering time, and a,, = 3.2/e¢,
where C is a parameter considered below. Equation (6) is
the interparticle collision correction to the system resistivity
for the case of degenerate electrons with a linear Dirac
spectrum. Note, however, that the simplified form of the
Coulomb potential does not account for either the finite
thickness of the quantum well or dynamic screening
effects within the random phase approximation. The
relaxation of various perturbation types in a 2D Fermi
gas was theoretically analyzed in Ref. [32]. Calculations of
both weak- and strong-interaction limits demonstrated that
the scattering time 7, depends critically on the interaction
parameter r, = 1/(y/znag), where ag is the Bohr radius.
To achieve better agreement with theoretical predictions,
we introduce an additional fitting parameter C in our
analysis.

We compare Eq. (6) with the experimental curves shown
in Fig. 2 by adjusting the parameters z; and the Coulomb
interaction constant C in the expression (6). We take
e = 10. Figure 2 shows the theoretical curves for the
parameters listed in Table I. It can be observed that
the experimental data closely follow the expected trend
Ap(T)/p(T =5 K)~T? For a system of massless
Dirac fermions, the parameter C is given by [33]
C ~4{In[u/kT]}"/?, which approximately aligns with
our extracted parameter for high-density conditions. It is

TABLE 1. Fitting parameters in Eq. (6) for samples A and B.
Sample 7;,(10712 s) u (meV) C
A 0.56 62 2.6
A 0.47 51 3

A 0.41 45 32
B 1.7 92.8 1.5
B 1.4 70.8 1.6
B 1 56.8 2

important to highlight that, despite the electron-electron
scattering time being closely related to hydrodynamic flow
in an electron liquid, this approach predicts a temperature
dependence of resistivity p ~ 772 [12,17,26], which is
inconsistent with our experimental results.

A theoretical estimate of the characteristic temperature
T* using material parameters from the experimental sam-
ples yields T* ~ (150-170) K. This value exceeds the
experimentally observed range of 7* ~ (10-20) K by an
order of magnitude. We attribute this discrepancy to
limitations in our theoretical model, which assumes perfect
two dimensionality and neglects finite sample width
effects. These approximations lead to an incomplete treat-
ment of screening phenomena, ultimately resulting in an
overestimated 7™ value. It is worth noting that additional
effects, such as the renormalization of the Fermi velocity
due to electron-electron (e-e) interactions, may also play a
role, as theoretically predicted in various models (for a
review, see Ref. [34]). Crucially, however, this renormal-
ization is expected to be most pronounced near the Dirac
point. The experimentally observed logarithmic velocity
renormalization [35] is in agreement with theoretical
predictions, offering direct evidence that long-range e-e
interactions can significantly alter the Dirac cone structure
in the vicinity of the Dirac point. However, our Letter
focuses on energy regimes far from the Dirac point, where
we believe such renormalization effects are not significant
and are unlikely to influence transport properties. Although
we did not observe a T* dependence in our HgTe quantum
well, we expect graphene monolayers to better approximate
the model interaction due to their screened Coulomb
potential, with a characteristic temperature 7 ~ 100 K.
Consequently, the T* contribution should be more readily
observable at low temperatures in graphene. Despite
the significant interest in Dirac materials, temperature-
dependence studies have primarily focused on the Dirac
point regime, where electron-hole plasma effects dominate
[36]. A more systematic investigation of the temperature
scaling across different carrier densities could help clarify
the nature of the Coulomb potential in these systems.

In conclusion, we have theoretically and experimentally
studied the T-dependent corrections to the resistivity due to
electron-electron interactions in systems with a p-linear
spectrum. These effects are absent in Galilean-invariant
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systems with a parabolic spectrum. We believe that
electronic transport phenomena are far from fully under-
stood, and our research demonstrates that electron-electron-
dominated transport is significantly influenced by material
properties, including the shape of the Fermi surface and the
dispersion relation. Among the Dirac materials, graphene,
including its moiré and twisted forms, remains a fascinating
and promising subject for investigating the contribution of
e-e scattering to resistivity [37]. Transition metal dichal-
cogenide (TMD) systems have also gained significant
attention recently in the study of e-e interaction effects.
However, the linear spectrum approach in TMDs requires
extremely high electron densities, which poses experimen-
tal challenges [38]. A particularly promising Dirac cone
system has been observed in thin films of Cd;As, [39].
Three-dimensional topological insulators host Dirac cone
states on their surfaces, making them a fascinating platform
for investigating the interplay between electron-electron
interactions and topological effects. Understanding this
relationship could provide deeper insights into their trans-
port properties [40].
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