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It has recently been conjectured that the transport relaxation rate in metals is bounded above by
the temperature of the system. In this work, we discuss the transport phenomenology of overdoped
electron-doped cuprates, which we show constitute an unambiguous counterexample to this putative
“Planckian” bound, raising serious questions about the efficacy of the bound.

The nature of the unconventional metallic state ob-
served in a variety of strongly correlated electronic sys-
tems has defied theoretical explanation for the past thirty
years, despite being the subject of continuous, intensive
research [1-4]. The intrigue surrounding these metals is
centered around two aspects of their phenomenology:
first, they are often claimed to exhibit “large” finite-
temperature resistivities in excess of the Mott-Ioffe-Regel
limit (although the quantitative criterion for this bound
is by no means precise [5, 6]), and are labelled “bad met-
als” [7]; and second, they exhibit a linear temperature
dependence of the resistivity often down to the lowest
experimentally accessible temperatures, and are labelled
“strange metals” [2, 3]. We emphasize that these two is-
sues, the value of the finite-temperature resistivity and
its linear temperature dependence, are completely dis-
tinct and should not be conflated: “bad metallicity” is
an intrinsically finite-temperature phenomenon, whereas
the linear-in-T resistivity of the “strange metal” pertains
to the system’s behavior as T'— 0. A system can be bad
without being strange and vice versa, or it can be both
bad and strange. Our current work is on a third dis-
tinct transport concept much discussed recently, namely,
the magnitude of the transport relaxation rate associ-
ated with the temperature-dependent resistivity com-
pared with the system temperature itself.

It has recently been found that if one extracts a re-
laxation timescale 7(T) from the resistivity by using
the Drude formula, p(T) — p(0) = 27 1(T), a num-
ber of cuprates [8, 9] and some other strongly correlated
“strange metals” [10] satisfy the simple empirical relation

T HT) =« kpT (1)

h
where « is a constant of order unity (note that this sub-
tracts out the 7" = 0 contribution to the resistivity from
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disorder, and focuses entirely on the T-dependent part
— this involves a questionable extrapolation of the finite-
T resistivity to T' = 0, which we discuss briefly below).
In an attempt to explain this striking phenomenological
observation, it has been argued that the timescale 7(T)
extracted from the resistivity should be interpreted as
either the electronic momentum relaxation time [11] or
a many-body equilibration time [12], and further conjec-
tured that this timescale is subject to a universal bound
771 < kgT/h. Strongly correlated metals are then hy-
pothesized to saturate this so-called “Planckian” limit,
which immediately reproduces the empirical relation (1).
We emphasize that this is a conjecture which is loosely
rooted in either dimensional analysis arguments (extrap-
olated from conventional Fermi liquid systems) or in anal-
ogy to the Kovtun-Son-Starinets bound [13] derived for
relativistic quantum field theories using techniques from
holographic duality [11, 14], although no convincing ar-
guments exist for why such a field theoretic bound should
be related to the electrical transport properties of solid
state materials. A key feature of the conjectured Planck-
ian bound is that it is purported to be universal: that
is, it is a general principle of nature which should apply
to all physical systems at all temperatures. Purely physi-
cally, a bound on a relaxation rate imposed by the system
temperature sounds reasonable based on the vague idea
that relaxation or dissipation should not exceed the tem-
perature, but to date no proof of this exists.

We emphasize that the existence of a Planckian bound
on transport is an issue that is distinct from the broader
mysteries of linear-in-T resistivity, and Eq. (1), as posed,
applies independent of the detailed functional form of
p(T) or 7(T). That is, the existence or non-existence of
such a bound is unrelated to the validity (or not) of the
quasiparticle picture, let alone the underlying physical
scattering mechanism responsible for the linear-in-T re-
sistivity. As long as a resistivity can be measured as a
function of temperature enabling the extraction of the
effective transport relaxation time from the Drude for-
mula, the putative Planckian bound should apply. Fur-
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ther, there is no consensus on the theoretical “meaning”
of the Planckian bound (including on what timescale is
actually subject to the bound), and several schools of
thought continue to develop [11, 12, 14]. In light of this,
we take a conservative approach, eschewing such theoret-
ical questions, and limiting our discussion to the opera-
tional, experimental question: can the relaxation rate 771
extracted from the resistivity using the Drude formula
exceed the system temperature in a strongly correlated
system?

Amusingly, it has also been realized that even many
conventional “good” metals such as Cu, Ag, and Au are
“Planckian” [10]. The reason is well understood, orig-
inating from the Migdal-Eliashberg theory of electron-
phonon interactions, wherein the electronic relaxation
rate is given by 771 = 2w\ kgT/h above the Debye tem-
perature (more precisely the Bloch-Gruneisen tempera-
ture), with A the dimensionless electron-phonon coupling
constant [15, 16]. In general, A ~ 0.1 for weakly coupled
metals such as Cu, Ag, or Au, leading to a “Planckian”
behavior where 27\ ~ 1, agreeing with Eq. (1). In fact,
this behavior was comprehensively studied in the 1960s
in a series of now-classic papers [17], and the fact that
simple metals trivially obey the Planckian bound with no
deep significance is well known. Further, one can consider
metals with strong electron-phonon coupling such as Nb
or Pb, where A 2 1 and the momentum relaxation rate is
of the form of Eq. (1) with o ~ 6 — 7.5, far in excess of the
Planckian limit of a &~ 1. This of course is neither myste-
rious nor deep as it arises from electron-acoustic phonon
scattering occurring in a regime where the phonon ther-
mal occupancy follows the classical equipartition (linear-
in-T') behavior. This has been emphasized recently in the
theoretical literature [18-20]. In particular, strange metal
and Planckian behavior in twisted bilayer graphene with
high resitivity [21, 22] has recently been explained based
on electron-phonon interactions [18].

In principle, this phonon-induced large magnitude
linear-in-T" resistivity can increase indefinitely (and thus
lead to arbitrarily large violations of the Planckian
bound), until one approaches the Fermi temperature. For
low density (small kr) systems such as the cuprates, this
linear-in-T" behavior can persist down to low tempera-
tures since the lower cutoff scale (the Bloch-Gruneisen
temperature) can be small in dilute systems [18, 20].
Moreover, we note that conventional electron-phonon
systems at high temperature are “non-quasiparticle”
metals according to the usual criteria 7'(;)1 ~ T, and
yet are still described extremely effectively using semi-
classical transport theory [23]. The key, of course, is that
the quasi-particle is defined close to the Fermi surface at
low temperatures, and not by the behavior of a relaxation
rate at ‘high’ temperatures [23].

It has recently been argued [12] that high-temperature
electron-phonon scattering is immune from the Planck-
ian bound in that the scattering is quasi-elastic. However,
this requires a suitable choice of the timescale which is
subject to the Planckian bound (an issue which there is
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FIG. 1. Low temperature linear-in-T resistivity of LCCO for three
different dopings. The resistivity curves were taken in a 8 T mag-
netic field for the x = 0.15 sample, 6.5 T for the z = 0.16 sam-
ple, and 4 T for the z = 0.17 sample. The residual resistivity
po = p(T — 0) is subtracted from each curve, and the relax-
ation rate 1/7 = (ne®/m.)(p(T) — po) is extracted using the
parameters n = 9 x 10*” m™* and ms = 3me (with me the
electron mass) used in Ref. [8].

currently no clear consensus on). One might also question
the practical utility of conjecturing a bound on an exper-
imentally inaccessible quantity. The serious conceptual
problem in this line of reasoning is that the experimental
resistivity simply produces a relaxation rate through the
Drude formula, and there is no way to know a priori or a
posteriori whether this transport relaxation rate is elastic
or inelastic, or if it arises from scattering by phonons or
some other excitations. Thus, while theoretically it makes
perfect sense to impose a bound only on an inelastic re-
laxation rate arising from non-phonon mechanisms, this
is meaningless in understanding a specific system (e.g.
cuprates) manifesting (or not) a Planckian behavior since
by definition we do not know the mechanism causing the
resistive scattering. Nonetheless, at a phenomenological
level, the electron-phonon system unambiguously demon-
strates that one can find transport relaxation rates in ex-
cess of the system temperature without needing to invoke
any exotic physics.

It is also important to emphasize that at T = 0 or
more generally at low temperatures, any finite resistiv-
ity, by definition, violates the Planckian bound since the
corresponding relaxation rate, being finite, trivially ex-
ceeds the temperature by an arbitrary factor. This is
the reason that the definition of the Planckian bound
often involves a subtraction of the T" = 0 resistivity, but
such a T" = 0 extrapolated subtraction, even if it can be
done accurately (which is always a question), assumes
that the resistive scattering mechanism at 7' = 0 (i.e.
disorder scattering) is temperature-independent, which
is often not the case since disorder may have effective
temperature dependence arising from weak localization,
interaction, screening, and annealing effects. In fact, it
is well-known that the low-temperature resistivity of a
specific sample often changes as the sample is thermally
cycled because of impurity annealing effects.

In this work, we consider the electron-doped fam-
ily of the cuprate high-temperature superconductors



which includes the compounds Las_,Ce,CuO4 (LCCO)
and Pry_,Ce,CuO4 (PCCO)[24]. For dopings above the
Fermi surface reconstruction doping (xpsg = 0.14 for
LCCO [25] and zpsg = 0.17 for PCCO [26]), the resistivi-
ties of both LCCO [27] and PCCO [28] are linear down to
mK temperatures when superconductivity is suppressed
with a modest magnetic field (less than 9 T for LCCO,
and 12 T for PCCO). To illustrate this, we plot the low-
temperature resistivity for three dopings of LCCO in Fig.
1 (the strangeness of linear-in-T resistivity persisting over
a finite range of dopings is tangential to the subject of
this work, but is extensively discussed in Ref. 3).

Further, it has recently been observed [8] that the re-
laxation time 7(T") extracted from the resistivity for each
of these compounds can be fit to the Planckian form (1)
with a = 1.2 4+ 0.3 for z = 0.15 LCCO and o« = 0.8 + 0.2
for x = 0.17 PCCO. Following the analysis of Ref. 8, we
convert the resistivity of the three LCCO samples in Fig.
1 to the relaxation time 7 using the Drude equation with
the parameters n = 9 x 10?” m—3 and m, = 3m, where
me is the electron mass. In agreement with Ref. 8, we find
that the low-temperature resistivity is consistent with the
Planckian bound Eq. (1), with « & 1. Although there is
some controversy in the literature [2, 19] surrounding the
analysis of Ref. 8, and the extraction of timescales from
the Drude equation in general, we take this procedure
to at least be representative of the typical analyses un-
derlying claims of “Planckian” behavior. The choice of
different parameters (i.e. n or my) will not qualitatively
affect any of the conclusions reached below.

Crucially, Ref. 8 only considered the response of the
system for T' < 30 K, while it is well-known that at higher
temperatures, above ~ 50 K, the resistivity of electron-
doped cuprates crosses over to a T2-power law, which
persists up to > 400 K [3, 29]. To give a more complete
picture, in Fig. 2 we present the full temperature de-
pendence of the relaxation rate 7! associated with the
resistivity (extracted following the same procedure as de-
scribed above), from 2 K to 300 K for the three LCCO
dopings shown previously in Fig. 1.

Doing so, we see that 7= for LCCO drastically ex-
ceeds the putative Planckian bound, with 77! > kpT/h
once the T? resistivity sets in (we emphasize again that
the Planckian bound does not stipulate any specific T-
dependence of 7(T) or p(T), asserting its generality).
Further, the temperature-dependence of 771 is super-
linear, parametrically violating the Planckian bound at
high temperatures. This simple observation unambigu-
ously establishes that one can find a relaxation rate, di-
rectly extracted from the Drude formula, that is well in
excess of the system temperature. In other words, this
serves as an explicit counterexample to the Planckian
bound as it is typically applied to real materials at a
phenomenological level.

We may now go beyond the level of analysis typically
employed in claims of Planckian behavior, and consider
the possible origins of the observed temperature depen-
dence of the resistivity. Appealing to the Drude equation,
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FIG. 2. The relaxation rate 7' (in temperature units) as a func-
tion of temperature for Las_,Ce, CuOy4 for x = 0.15, 0.16, 0.17.
The dark colored curves in each plot are the low-temperature re-
laxation rates plotted previously in Fig. 1 and the lighter colored
curves are the relaxation rates measured up to room temperature
in zero magnetic field. The light grey curves in each plot indicate
the Planckian limit ii/kpT = T.

the temperature-dependent resistivity has two contribu-
tions, each of which is possibly temperature-dependent.
First, one has the relaxation rate 7! that is conjectured
to be subject to the Planckian bound. In most works
claiming Planckian physics, it is implicitly assumed that
all of the temperature dependence is carried by 7—!. How-
ever, the Drude weight ne?/m,, can, in principle, also be
temperature dependent. That is, the temperature depen-
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FIG. 3. Temperature-dependent optical conductivity spectral
weight (SW) for z = 0.17 and z = 0.19 PCCO samples with
upper cut-offs of 1 eV and 2 eV, representative of the con-
duction band width. On the right axis, the spectral weight
is converted to the associated carrier density through n =
((2me)?e0Zomy)/(72€?) [ dw o1(w) where c is the speed of
light, o is the vacuum permitivitty, Zy is the vacuum impedance,
and the spectral weight is in units of Q7! cm™2. Assuming that
m, = 3me, the carrier density directly inferred from the in-
tegrated spectral weight is in good agreement with the value
n =9 x 10>" m™3 for LCCO used in our analysis above. Note
that data below 20 K for the z = 0.17 sample is not shown as
superconductivity depletes the finite frequency spectral weight.

dence of the resistivity need not necessarily be the tem-
perature dependence of 77

The Drude weight ne?/m, can be directly inferred
from the integrated spectral weight of the optical con-
ductivity. The optical conductivity f-sum rule states that
the integral of the real part of the optical conductivity
from zero to infinity is proportional to the ratio ne/me,
where n, is the total density of electrons in the material
and m, is the bare electronic mass. In a conductor, cut-
ting the integral off at some finite value comparable to
the band width gives a good estimation of the value of
n/m*,

A T ne?
/ dw o1 (w) , (2)
0

T 2m,

where n is the carrier density and A is the upper fre-
quency cut-off. Figure 3 shows the optical conductivity
spectral weight with upper cut-offs of 1 eV and 2 eV for
both z = 0.17 [30] and 0.19 (this work) PCCO. Both of
these samples are doped above the Fermi surface recon-
struction doping for PCCO (zpsg = 0.17), and are com-
parable to the overdoped x = 0.15 — 0.17 LCCO samples
discussed above. The plasma edge in both materials lies
close to 1 eV and hence these cut-off values are good ap-
proximations for the conduction band width. Crucially,
Fig. 3 shows that the n/m™* ratio is essentially tempera-
ture independent for both chosen cut-offs. In light of this,

we can confidently attribute the temperature dependence
of p(T) fully to that of the relaxation rate 771, and con-
sequently be certain that the Planckian bound is indeed
strongly violated in our system.

One may also attempt to explain the gross violation of
the Planckian bound in electron-doped cuprates by con-
jecturing that the super-Planckian scattering is quasi-
elastic and thus not subject to the Planckian bound
(as has been argued [12] to explain the violation of
the Planckian bound in conventional electron-phonon
systems, discussed above). However, this conjecture is
wholly unsupported by all existing experimental evi-
dence. The high-temperature p(T') ~ T2 behavior is in-
compatible with a conventional phonon-based description
which should produce a linear-in-T resistivity in this tem-
perature regime (as in normal metals) [29], and although
the scattering mechanism underlying this unconventional
behavior is unknown, it is likely of electronic origin, and
hence should be subject to the Planckian bound. This
is further reinforced by the fact that inelastic electron-
electron scattering leads to a T? resistivity in many cor-
related materials (e.g. heavy fermions, pnictides, tran-
sition metal oxides, and organic metals). Thus, there is
no experimentally justifiable reason to expect that the
electron-doped cuprates are exempt from the Planckian
bound. Moreover, the Planckian bound is a rather empty
concept if one must first decide a priori whether a re-
laxation rate is elastic or inelastic before imposing the
bound since the measurement of resistivity simply pro-
duces a momentum relaxation rate, which is allowed to
be elastic or inelastic. Imposing the severe constraint that
the bound is only relevant when the scattering is inelastic
makes the bound a semantic exercise, particularly since
many normal metals obey the bound trivially by virtue
of electron-phonon scattering in the equipartition regime,
as discussed above. This is also true if the bound is con-
strained to apply only near quantum criticality since one
has no guarantee that the measured resistivity arises from
inelastic quantum critical scattering. After all, the bound
seems to be obeyed by weakly coupled metals, but not by
strongly coupled metals, with quantum criticality playing
no role in either.

Indeed, if a metallic resistivity is linear in tempera-
ture down to arbitrarily low temperatures, it is an ex-
tremely interesting and exotic situation, quite indepen-
dent of any Planckian implications, since such a linear-
ity at very low temperatures implies a possible manifest
non-Fermi liquid behavior if the underlying mechanism
is inelastic electron-electron interactions, and not elastic
impurity and/or phonon scattering. But our Planckian-
violating resistivity goes as T2 at high temperatures, and,
as discussed above, the T2 behavior is commonly associ-
ated with Fermi liquids. Phonon or impurity scattering
is not known to produce a T2 resistivity in any regime.

To summarize, we have shown that the electron-doped
cuprates provide a clear and strong counterexample to
the conjectured Planckian bound on electronic transport.
In so doing, we have shown that the Planckian bound can



be violated in a strongly correlated cuprate system, just
as it is violated in conventional electron-phonon systems
and dilute semiconductors [31]. Our work shows that the
Planckian bound is not universal and that invoking it is
of limited practical utility.
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