Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.
Persistent WRAP URL:
http://wrap.warwick.ac.uk/153637
How to cite:
Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.
Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.
Copyright © and all moral rights to the version of the paper presented here belong to the
individual author(s) and/or other copyright owners. To the extent reasonable and
practicable the material made available in WRAP has been checked for eligibility before
being made available.
Copies of full items can be used for personal research or study, educational, or not-for-profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.
Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further
information.
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications

T -Linear Resistivity from an Isotropic
Planckian Scattering Rate
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Simon Verret1 , Francis Laliberté1 , Clément Collignon1 , Jianshi
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A variety of “strange metals” exhibit resistivity that decreases
linearly with temperature as T → 0 [1, 2, 3], in contrast with
conventional metals where resistivity decreases as T 2 . This T linear resistivity has been attributed to charge carriers scattering
at a rate given by ~/τ = αkB T , where α is a constant of order
unity. This simple relationship between the scattering rate and
temperature is observed across a wide variety of materials, suggesting a fundamental upper limit on scattering—the “Planckian
limit” [4, 5]—but little is known about the underlying origins of
this limit. Here we report a measurement of the angle-dependent
magnetoresistance (ADMR) of La1.6−x Nd0.4 Srx CuO4 —a hole-doped
cuprate that displays T -linear resistivity down to the lowest measured temperatures [6]. The ADMR unveils a well-defined Fermi
surface that agrees quantitatively with angle-resolved photoemission spectroscopy (ARPES) measurements [7] and reveals a T linear scattering rate that saturates the Planckian limit, namely
α = 1.2 ± 0.4. Remarkably, we find that this Planckian scattering
rate is isotropic, i.e. it is independent of direction, in contrast
with expectations from “hot-spot” models [8, 9]. Our findings
suggest that T -linear resistivity in strange metals emerges from a
momentum-independent inelastic scattering rate that reaches the
Planckian limit.

Introduction
Immediately following the discovery of high-Tc superconductivity in the cuprates,
it was noted that the normal-state resistivity is linear over a broad temperature range [10]. T -linear resistivity extending to low temperatures indicates
a strongly correlated metallic state, and it was recognized early on that understanding T -linear resistivity may be the key to unraveling the mystery
of high-Tc superconductivity itself [11]. Since then, T -linear resistivity has
become a widespread phenomenon in strongly correlated metals, occurring in
systems as diverse as organic and iron-based superconductors [3] and magic
angle twisted bilayer graphene [12]. The fact that T -linear resistivity is often
found in proximity to unconventional superconductivity is highly suggestive
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of a common underlying origin, but T -linear resistivity at low temperatures
lies outside the standard Fermi-liquid description of metals and thus remains
a central unsolved problem in quantum materials research.
The difficulty in developing a controlled, microscopic theory of T -linear
resistivity has led to the creation of new theoretical approaches that draw
on techniques developed for the study of quantum gravity, including holography and the Sachdev-Ye-Kitaev model [13, 14, 15, 16, 17]. While these
theories are not microscopically motivated, they explicitly account for strong
quasiparticle interactions in a controlled way and suggest that T -linear resistivity might emerge as a universal principle—independent of microscopic
details. The transport scattering rate 1/τ in these models obeys the so-called
“Planckian limit”:
~
= αkB T,
(1)
τ
where kB and ~ are the Boltzmann and Planck constants, respectively, and
α is a constant of order unity. Simple estimates of α from a wide variety of
metals with T −linear resistivity, based on the Drude model, are consistent
with Planckian scattering [18, 4, 5]. The Planckian limit even applies to
conventional metals like gold and copper, where T −linear resistivity at high
temperatures is caused by electron-phonon scattering. Phonons, however,
cannot explain T −linear resistivity in the T → 0 limit, suggesting that the
Planckian limit is independent of microscopic origin. Estimates based on the
Drude model provide no information about how the scattering rate varies
in momentum-space. ARPES, on the other hand, provides the momentum
dependence [19] but only for the single-particle scattering rate, not the transport scattering rate that determines the resistivity. What has been missing
is a full momentum-space description of the transport scattering rate.

Technique
To measure the transport scattering rate in a metal with T −linear resistivity,
we turn to the high-Tc cuprate La1.6−x Nd0.4 Srx CuO4 (Nd-LSCO) at a hole
doping of p = 0.24. Strange metals are often found in proximity to quantum
critical points, and the pseudogap critical point in Nd-LSCO terminates at
a hole doping of p? = 0.23 as determined by both transport [20] and ARPES
[7] measurements (see Figure 1a). At p = 0.24, Nd-LSCO shows perfectly
T -linear resistivity [6, 20] down to the lowest measured temperatures once
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superconductivity is suppressed by a magnetic field (see Figure 1b).
The technique we use to access the quasiparticle scattering rate is angledependent magnetoresistance (ADMR), which measures variations in the caxis resistivity (ρzz ) as the sample is rotated to different azimuthal (φ) and
polar (θ) angles with respect to an external magnetic field B(Figure 1c). The
intuitive way of understanding ADMR is to consider that resistivity depends
only on the lifetimes and velocities of quasiparticles at the Fermi surface.
The application of a magnetic field alters quasiparticle velocities through
the Lorentz force, producing variations in the c-axis resistivity that depend
sensitively on the direction of the magnetic field, hence angle-dependent magnetoresistance. We compare the measured ADMR to calculations made using
Chambers’ exact solution to the Boltzmann transport equations in a magnetic field [21] and adjust the Fermi surface geometry and the momentumdependence of the quasiparticle scattering rate in our model until the calculations match the experimental data. This procedure does not assume the
presence of a Fermi liquid: Boltzmann transport has been shown to be valid
even in cases where Fermi liquid quasiparticles are not present [22, 23].

Results
The left panels of Figure 2a show the ADMR of Nd-LSCO at p = 0.24 for
T = 6, 12, 20 and 25 K. These measurements were performed at the National High Magnetic Field Lab using a single-axis rotator to vary the polar
angle θ in a fixed field of 45 T (see Figure 1c for the experimental geometry).
We determine the Fermi surface geometry and the quasiparticle scattering
rate by fitting the data simultaneously at all temperatures to a one-band
tight-binding model that is commonly used for LSCO-based cuprates (see
methods.) We optimize the tight-binding and scattering-rate parameters
using a genetic algorithm, taking initial parameter estimates from previous
ARPES measurements [7, 24]. We set the overall energy scale of the model to
be t = 160 ± 30 meV based on the measured specific heat [25] (see methods).
Note that, below 10 K, the specific heat of Nd-LSCO at p = 0.24 increases
as log (1/T ) as T → 0. The resistivity, however, remains linear to low temperature, suggesting that either this correction renormalizes the scattering
rate and the bandwidth equally and thus cancels, or the log (1/T ) factor is
not associated with the conduction electrons. As our measurements cannot
distinguish between these two scenarios, we omit the log (1/T ) correction
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(which would reduce the bandwidth by ∼ 20% at 6 K, see methods).
The simulated ADMR curves produced by these fits are displayed in Figure 2a (right panels). Key features reproduced by the fit include the position
of the maximum near θ = 40◦ , the onset of φ dependence beyond θ = 40◦ ,
the φ-dependent peak/dip near θ = 90◦ , and the absolute value of ρzz . The
Fermi surface produced by this fit, shown in Figure 1d, agrees with ARPES
measurements [7, 24]. The best-fit tight-binding parameters are the same as
those determined by ARPES to within our uncertainty (see Extended Data
Table 1), demonstrating remarkable consistency between the two techniques.
We now consider the scattering rate obtained from the fit. We separate
the scattering rate in our model into two components—one isotropic and
one anisotropic: 1/τ (k) = 1/τiso + 1/τaniso (k). We find that the ADMR is
best described by a highly anisotropic scattering rate that is largest near the
“anti-nodal” (φ = 0◦ , 90◦ , 180◦ and 270◦ ) regions of the Brillouin zone and
smallest near the “nodal” (φ = 45◦ , 135◦ , 225◦ and 315◦ ) regions (Figure 2b).
In Extended Data Fig. 3, we show that three different phenomenological
models of 1/τ (k) all converge to the same shape as a function of φ, indicating
that our fit is independent of the specific function chosen (see Figure 2b.)
We extract the scattering rate at each temperature by fitting the full
θ- and φ-dependent ρzz , and we a priori assume no particular temperature
dependence—the scattering-rate parameters are determined independently
at each temperature, while the FS geometry parameters are held constant).
We extract the temperature dependence of both the isotropic and anisotropic
components of the quasiparticle scattering rate from these fits, shown in Figure 2c. Remarkably, we find that the anisotropic scattering rate is temperature independent, while the isotropic scattering rate is linear in temperature.
To check the validity of these scattering rates, we use our fit parameters
and Bolzmann transport to calculate the temperature dependence of ρxx and
the Hall coefficient RH ≡ ρxy /B. As shown in Figure 3, we reproduce the
temperature dependence of all three transport coefficients. While the Fermi
surface at p = 0.24 is electron-like (i.e. it is centered on the Γ point in the
first Brillouin zone), both the measured and calculated RH are hole-liked
due to the Fermi surface curvature [26] (see Figure 3b). An anisotropic
scattering rate, highly enhanced near the anti-nodal regions of the Fermi
surface (Figure 2b and 3), is therefore not only required to correctly model
the ADMR, but also required to obtain the correct sign and magnitude of
the Hall coefficient. To ensure that our fits are not fine-tuned for B = 45 T,
we fit a second data set taken at B = 35 T (Extended Data Fig. 5). We fix
5

the tight-binding parameters to those obtained from the 45 T fits, and we
find that the same scattering-rate parameters emerge at 35 T, demonstrating
the consistency of the model.

Discussion
We have measured the momentum dependence of the scattering rate responsible for the T -linear resistivity of Nd-LSCO at p = 0.24. We can write
the total scattering rate as a sum of an elastic (temperature-independent)
component plus an inelastic (temperature-dependent) component 1 :
1/τ (φ, T ) = 1/τelastic + 1/τinelastic (T ).

(2)

We find that 1/τelastic = 1/τaniso (φ) + 1/τiso (T = 0), i.e. the elastic scattering contains all of the anisotropic scattering, plus the T = 0 offset from
the isotropic scattering. The elastic term is, by definition, temperatureindependent, and its angle dependence resembles the strongly φ-dependent
density of states at p = 0.24 (see Figure 4c and e). It was previously suggested that similar anisotropy in the single-particle scattering rate (i.e. the
scattering rate measured by ARPES) may arise due to the proximity of the
anti-nodal Fermi surface to the van Hove singularity [27]. Our data suggest
that a similar anisotropy extends to the two-particle transport scattering
rate. Indeed, the momentum dependence of the elastic scattering rate we
measure is reminiscent of the elastic scattering rate extracted by ARPES in
LSCO at p = 0.23 [28], as shown in Supplementary Information Figure S2.
We find that the inelastic term in Equation 2 has a pure T -linear dependence whose strength is consistent with Planckian dissipation, i.e. 1/τinelastic (T ) =
α kB~T , with α close to 1 (see Figure 4f.) This unambiguously demonstrates
that T -linear resistivity is caused by a T -linear scattering rate and not, for
example, by a T -dependent carrier density [29]. Remarkably, we discover that
this Planckian scattering is isotropic—the same for all directions of electron
motion. Isotropic, T -linear scattering has been hypothesized in the context
of a marginal Fermi liquid description of the normal state of cuprates [11].
The marginal Fermi liquid also hypothesizes an ω-linear scattering rate, and
1

We use the working-definitions of “elastic scattering” to mean temperatureindependent scattering and “inelastic scattering” to mean temperature-dependent scattering. There are exceptions to these definitions but they hold under most cases, particularly
in the low-temperature limit.
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this was observed by ARPES in LSCO [19]. The absence of momentum-space
structure to the scattering rate implies that the microscopic mechanism of
T -linear resistivity is length-scale invariant, i.e. it does not depend on scattering from a particular wavevector, such as the fluctuations of a finite-q
order parameter. The fact that the inelastic scattering rate appears to reach
a limit dictated by Planck’s constant suggests that a fundamental quantum
principle is at play, akin to that involved in the maximal rate of entropy production at a black hole event horizon [30]. As was found in previous studies
[4], the Planckian limit constrains only the temperature dependent part of
the scattering rate.
Detailed knowledge of the Fermi surface and the scattering rate allows us
to examine other transport properties in more quantitative detail than was
previously possible. In Figure 3d, we plot the calculated isotherms of ρxx
versus B up to 100 T. We see that a strong B-linear component is present at
low T above a threshold field, whereas a quadratic B 2 dependence dominates
at high T and low B—strikingly similar to what was recently measured in
LSCO [31] (Figure 3c). This B−linear magnetoresistance occurs naturally at
intermediate fields between the low-field B 2 regime and the field-independent
regime that occurs once ωc τ >> 1 [32] (see SI for more details). When
vF or τ are highly anisotropic, as is the case for Nd-LSCO at p = 0.24
and LSCO at p = 0.19, the high-field regime is pushed up to extremely
high fields, resulting in a broad region of B−linear magnetoresistance. This
mechanism may explain B−linear magnetoresistance without any need for
a B-dependent scattering rate. This is further supported by our fits to a
second data set taken at B = 35 T, which yield the same scattering rates
we find at 45 T (Extended Data Fig. 5.) It remains to be seen whether this
mechanism can explain B−linear magnetoresistance more generally, e.g. as
found in iron pnictide superconductors [33], where the Fermi surface and
scattering rate are unlikely to be as anisotropic as they are in Nd-LSCO.
In the context of our discovery that the inelastic scattering rate at p? is
both Planckian and isotropic, it is interesting to consider how this scattering
rate evolves into the overdoped regime. Far above p? , for example in LSCO
at p = 0.33 [34], the resistivity is T 2 , as expected for a Fermi liquid. As
the doping is lowered toward p? , the T 2 component of the resistivity shrinks
while a T -linear contribution grows [35]. Prior ADMR studies on overdoped
Tl2 Ba2 CuO6+δ (Tl2201), at p = 0.29 (Tc = 15 K) [36], have found coexistence
between an isotropic T 2 scattering rate and an anisotropic T -linear scattering
rate (see Figure 4d, e and f), agreeing with the temperature dependence of
7

the resistivity in Tl2201 (Figure 4b). While ADMR has not been performed
in a single material at both p? and in the highly overdoped regime, a useful
comparison can be made between Tl2201 and Nd-LSCO.
First we compare the elastic scattering rate, which is isotropic in Tl2201
versus strongly anisotropic in Nd-LSCO (Figure 4e). We attribute this to
a difference in the density of states: nearly isotropic in Tl2201 (Figure 4b
and d) versus strongly anisotropic in Nd-LSCO due to the proximity of its
FS to the van hove point (Figure 4a and c). The second, more interesting
difference between the two materials is in the inelastic scattering rate. In
Nd-LSCO, the inelastic scattering rate is entirely T -linear and has the full
Planckian magnitude for all k directions (Figure 4f). By contrast, the inelastic scattering in Tl2201 is only in part T -linear, and the magnitude of
the T -linear component is only Planckian along the anti-nodal directions
(Figure 4f). As a result, the resistivity of Tl2201 is not T -linear, varying as
aT + bT 2 , with a T -linear component one order of magnitude smaller than in
Nd-LSCO (Figure 1b). This comparison suggests that for a metal to display
a pure T -linear resistivity, its scattering rate must grow to reach the Planckian limit for all directions. This could explain why a pure T -linear resistivity
can be found in metals with vastly different Fermi surfaces, e.g. quasi-1D
single-band organic metals like the Bechgaard salts [3] and 3D multi-band
f -electron metals like CeCu5.9 Au0.1 [2]. ADMR studies on Tl2201 at lower
doping would prove invaluable: we predict that the T -linear component of
the scattering rate will grow in the nodal directions to become isotropic at p? ,
while the T 2 component will decrease and then vanish at that same doping.

References
[1] S. Martin, A. T. Fiory, R. M. Fleming, L. F. Schneemeyer, and J. V.
Waszczak. Normal-state transport properties of Bi2+x Sr2−y CuO6+δ crystals. Phys. Rev. B, 41:846–849, Jan 1990. doi: 10.1103/PhysRevB.41.
846. URL https://link.aps.org/doi/10.1103/PhysRevB.41.846.
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S Fatale, V Bitetta, X Shi, Stéphane Pailhès, MH Berntsen, Tohru Kurosawa, et al. Electron scattering, charge order, and pseudogap physics
in La1.6−x Nd0.4 Srx CuO4 : an angle-resolved photoemission spectroscopy
study. Physical Review B, 92(13):134524, 2015.
[8] R. Hlubina and T. M. Rice. Resistivity as a function of temperature for
models with hot spots on the fermi surface. Phys. Rev. B, 51:9253–9260,
Apr 1995. doi: 10.1103/PhysRevB.51.9253. URL https://link.aps.
org/doi/10.1103/PhysRevB.51.9253.
[9] Branko P. Stojkovic-acute and David Pines. Theory of the longitudinal
and hall conductivities of the cuprate superconductors. Phys. Rev. B,
55:8576–8595, Apr 1997. doi: 10.1103/PhysRevB.55.8576. URL https:
//link.aps.org/doi/10.1103/PhysRevB.55.8576.
[10] M Gurvitch and AT Fiory. Resistivity of La1.825 Sr0.175 CuO4 and
YBa2 Cu3 O7 to 1100 K: Absence of saturation and its implications. Physical Review Letters, 59(12):1337, 1987.
9

[11] C. M. Varma, P. B. Littlewood, S. Schmitt-Rink, E. Abrahams, and
A. E. Ruckenstein. Phenomenology of the normal state of Cu-O hightemperature superconductors. Phys. Rev. Lett., 63:1996–1999, Oct 1989.
doi: 10.1103/PhysRevLett.63.1996. URL https://link.aps.org/doi/
10.1103/PhysRevLett.63.1996.
[12] Yuan Cao, Debanjan Chowdhury, Daniel Rodan-Legrain, Oriol RubiesBigorda, Kenji Watanabe, Takashi Taniguchi, T. Senthil, and Pablo
Jarillo-Herrero. Strange metal in magic-angle graphene with near
planckian dissipation. Phys. Rev. Lett., 124:076801, Feb 2020. doi:
10.1103/PhysRevLett.124.076801.
[13] Olivier Parcollet and Antoine Georges. Non-fermi-liquid regime of a
doped mott insulator. Phys. Rev. B, 59:5341–5360, Feb 1999. doi: 10.
1103/PhysRevB.59.5341. URL https://link.aps.org/doi/10.1103/
PhysRevB.59.5341.
[14] Richard A. Davison, Koenraad Schalm, and Jan Zaanen. Holographic
duality and the resistivity of strange metals. Phys. Rev. B, 89:245116,
Jun 2014. doi: 10.1103/PhysRevB.89.245116. URL https://link.aps.
org/doi/10.1103/PhysRevB.89.245116.
[15] Sean A Hartnoll. Theory of universal incoherent metallic transport.
Nature Physics, 11(1):54–61, 2015.
[16] Aavishkar A. Patel and Subir Sachdev. Theory of a planckian metal.
Phys. Rev. Lett., 123:066601, Aug 2019. doi: 10.1103/PhysRevLett.123.
066601. URL https://link.aps.org/doi/10.1103/PhysRevLett.
123.066601.
[17] Peter Cha, Nils Wentzell, Olivier Parcollet, Antoine Georges, and EunAh Kim. Linear resistivity and Sachdev-Ye-Kitaev (syk) spin liquid
behavior in a quantum critical metal with spin-1/2 fermions. Proceedings
of the National Academy of Sciences, 117(31):18341–18346, 2020.
[18] J Corson, J Orenstein, Seongshik Oh, J O’Donnell, and JN Eckstein. Nodal quasiparticle lifetime in the superconducting state of
Bi2 Sr2 CaCu2 O8+δ . Physical review letters, 85(12):2569, 2000.
[19] A Kaminski, HM Fretwell, M Randeria Norman, M Randeria,
S Rosenkranz, U Chatterjee, JC Campuzano, Joel Mesot, T Sato,
10

T Takahashi, et al. Momentum anisotropy of the scattering rate in
cuprate superconductors. Physical review B, 71(1):014517, 2005.
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Figure 1: T -linear resistivity and the angle dependent magnetoresistance technique. (a) Temperature-doping phase diagram of the holedoped cuprate Nd-LSCO. The pseudogap phase, which onsets below a critical
doping of p? = 0.24 in Nd-LSCO, is highlighted in grey (the onset temperature T ? of the pseudogap phase is taken from resistivity [6, 20]). The superconducting dome is not represented as it can be suppressed with a magnetic
field B k c ≥ 20 T. The red stripe indicates Nd-LSCO at p = 0.24 measured
in the ADMR experiment, the violet stripe represents Tl2201 at p = 0.29.
(b) In-plane resistivity per copper-oxide plane as a function of temperature
for Nd-LSCO at p = 0.24 at B = 35 T [6] (red) and Tl2201 at p = 0.29 at
B = 13 T [37] (violet). For both sets of data, the elastic part of the resistivity
ρ0 has been subtracted from the total resistivity ρ (ρxx ) and divided by the
distance d between the CuO2 planes. The black dashed line is the T -linear
component of the resistivity of Tl2201 p = 0.29. (c) Geometry of the ADMR
measurement. The sample is represented in gray. The black arrow on the
left identifies the direction of the electric current, J , along the c-axis. The
angles φ and θ describe the direction of the magnetic field B with respect to
the crystallographic a- and c-axis. (d) The 3D Fermi surface of Nd-LSCO at
p = 0.24 obtained from the ADMR. A single cyclotron orbit, perpendicular
to the magnetic field B, is drawn in blue, with the Fermi velocity indicated
with the small blue arrow at a time t.
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Figure 2: ADMR and quasiparticle scattering rate of Nd-LSCO at
p = 0.24. (a) Left panels: The ADMR of Nd-LSCO at p = 0.24 as a function
of θ for four different temperatures, T = 25, 20, 12, and 6 K, and at B = 45 T.
The grey area near θ = 90◦ for T = 6 K and 12 K indicates the region where
the sample becomes superconducting. Right panels: Simulations obtained
from the Chambers formula using the tight-binding parameters of Extended
Data Table 1 and the scattering rate model of Equation 7. (b) Log-scale
polar plot of the scattering rate at T = 25 K. Note the large scattering
rate near the anti-nodes where the Fermi surface passes close to the van
Hove point. The isotropic part of the scattering rate, 1/τiso , is shown as a
dashed red line. The anisotropic part, 1/τaniso is shown in violet. The total
scattering rate, 1/τaniso + 1/τiso is the entire solid line, shaded red or violet
depending on whether it is dominated by 1/τaniso or 1/τiso , respectively. (c)
Temperature dependence of the two components of the scattering rate. A
linear fit to 1/τiso using 1/τ = A + αkB T /~, yields α = 1.2 ± 0.4, a value
consistent with the Planckian limit (α ≈ 1). The error bar on α accounts
for the uncertainty in the fit as well as a ±10 % uncertainty in the distance
between the electrical contacts on the ADMR sample. By contrast, 1/τaniso
is seen to be temperature independent, showing that it comes entirely from
elastic scattering off defects and impurities.
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Figure 3: Transport coefficients of Nd-LSCO at p = 0.24. (a, b) ρxx
and ρzz at B = 33 T and RH at B = 15 T, respectively. Solid lines represent
the data measured on Nd-LSCO at p = 0.24 (ρxx , ρzz and RH [6]). Circles
represent the values calculated using the scattering rates plotted in Figure 2c.
The ρxx data are taken on a different sample [6] to that used in the AMDR
measurements and from which the scattering rates are extracted. While
systematic errors on geometric factors are expected from sample to sample,
it is seen that a constant factor of 0.8 on the data is sufficient to give excellent
agreement between calculation and data. The dashed blue line in panel (b)
represents the high-field (ωc τ → ∞) limit for the Fermi surface of Nd-LSCO
at p = 0.24. The difference between this limit and the data comes from the
small value of ωc τ = 0.024 at T = 25 K and B = 45 T and the fact that
the conductivity is highest in the nodal directions where the Fermi surface
has a hole-like curvature (Figure 4a). (c, d) In-plane resistivity as a function
of magnetic field, with data from LSCO at p = 0.19 (just above its own
pseudogap critical point at p? =0.18) [31] on the left and calculations using
the scattering rate values obtained from the ADMR data on Nd-LSCO at
p = 0.24 (extrapolated linearly to 100 K) on the right. In our calculations
we find B-linear magnetoresistance at low temperature (dashed line) that
becomes B 2 at high temperature (dashed line), as observed in LSCO p = 0.19.
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((a), red), the Fermi surface is electron-like and contained inside the antiferromagnetic zone boundary (black dotted lines). In Tl2201, with Tc = 15 K
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Nd-LSCO (c), the DoS is large at the antinodes due to proximity to the van
Hove singularity. By contrast, in Tl2201 (d), the DoS is nearly isotropic.
(e) Elastic part of the scattering rate vs azimuthal angle φ. In Nd-LSCO
(red), the elastic scattering rate tracks the strong angle dependence of the
DoS. By contrast, the elastic scattering rate in Tl2201 (violet; from [36]) is
isotropic, in accordance with the relatively isotropic DoS. (f ) Inelastic part of
the scattering rate, multiplied by ~/(kB T ), vs azimuthal angle φ. The inelastic scattering rate in Nd-LSCO is isotropic and consistent with “Planckian
dissipation” in the sense that ~/τ = αkB T with α of order 1 (the uncertainty
in α is indicated by the red shading.) The inelastic T -linear scattering rate
of Tl2201 is strongly anisotropic, going from zero at φ = 45◦ (nodal region)
to a near-Planckian magnitude at φ = 0◦ (anti-nodal region, near the hot
spots). Note that in Tl2201 there is also an isotropic T 2 part to the inelastic
scattering rate, in addition to the anisotropic T -linear part shown here [36].
This results in a resistivity that varies as aT + bT 2 (Figure 1b) [37].

18

Methods
Samples and Transport Measurements
Single crystal La2−y−x Ndy Srx CuO4 (Nd-LSCO) was grown at the University
of Texas at Austin using a traveling-float-zone technique, with a Nd content
y = 0.4 and nominal Sr concentration x = 0.25. The hole concentration is
p = 0.24 ± 0.005 (for more details, see ref. [20]). The value of Tc , defined
as the point of zero resistance, is Tc = 11 K. The pseudogap critical point in
Nd-LSCO is at p∗ = 0.23 (ref. [20]).
Resistivity measurements were performed in the 45 T hybrid magnet at
the National High Magnetic Field Lab in Tallahassee, USA. The sample resistance was measured with a standard 4-point contact geometry using a
Stanford Research 830 Lock-In Amplifier. The samples were driven with
IRM S = 1 mA from a Keithley 6221 Current Source. Temperature was
stabilized to within ±1 mK around the target temperature at each angle.
Uncertainty of the absolute temperature due to thermometer magnetoresistance is approximately ±1 K at both T = 6 K and T = 12 K (horizontal
error bars in Figure 2c and 3a, b), but negligible at T = 20 K and above.
At p = 0.24 the upper critical field of Nd-LSCO is 10 T for B k c [25].
By applying a magnetic field of B = 45 T at both T = 25 K and T = 20 K
the sample remains in the normal state while rotating the field from B k c to
B k a. At T = 12 K and T = 6 K the p = 0.24 sample is in the normal state
when B k c, but superconductivity onsets when the field is rotated toward
B k a, as shown in Figure 2a.
The polar angle θ between the crystalline c-axis and the magnetic field
was changed in situ continuously from ≈ −15◦ to ≈ 110◦ using a single-axis
rotator (see Extended Data Fig. 1a). A voltage proportional to the angle
was recorded with each angle sweep. The angle θ was calibrated by finding
symmetric points in the resistivity and scaling the measured voltage such
that the symmetric points lie at θ = 0◦ and 90◦ (see Extended Data Fig. 1b).
This procedure resulted in an uncertainty in θ of ±0.5◦ . The azimuthal
angle φ was changed by placing the sample on top of G-10 wedges machined
at different angles: 15◦ , 30◦ and 45◦ . An illustration of the sample mounted
on the rotator stage, with a G-10 wedge to set the azimuthal angle to be 30◦ ,
is shown in Extended Data Fig. 1. The samples and wedges were aligned
under a microscope by eye to an accuracy in φ of ±2◦ .
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Fitting method
Genetic algorithm. Computing the conductivity as described above involves free parameters (e.g. t0 , t00 , tz , µ, τiso , τaniso , ν) which can be written
as a vector x. The optimal x, which we refer to as x∗ , minimizes the chi(x, θ, φ) and
square (χ2 ) statistic between the resistivity from the model ρmodel
zz
data
the measured resistivity ρzz (θ, φ) at all magnetic field orientations (θ, φ):
χ2 (x) =

X

2
ρmodel
(x, θ, φ) − ρdata
zz
zz (θ, φ) ,

(3)

(θ,φ)

We thus seek x∗ such that:
x∗ = arg min χ2 (x).
x

(4)

Using the Chambers formula to fit the ADMR measurements can be tricky
for standard optimization algorithms such as gradient based methods. They
are either slow to converge, highly sensitive to the initial conditions, or most
annoyingly they tend to get stuck in local minima of the χ(x) landscape.
That is the reason why we turned to a genetic algorithm (or “differential
evolution”) as a global optimization method which can avoid these issues.
The genetic algorithm has become a standard fitting routine in science, it is
carefully detailed in the supplementary information of [38]. For this study we
used the differential evolution algorithm from the Python package lmfit [39]
and our own C++ implementation. We back checked the efficiency of the
genetic algorithm with two other global optimizers, such as AMPGO (Adaptive Memory Programming for Global Optimization) and SHGO (Simplicial
Homology Global Optimization) also made available in lmfit [39]. The three
optimizers all converged to the same results, confirming the robustness of our
fit procedure.
Convergence criteria. The χ2 values of each member of the population
are calculated after each generation of optimization. The distribution of all
these χ2 values follows a Gaussian-like distribution. The genetic algorithm
stops when the standard deviation of this distribution has reached less than
1% of the mean value of the distribution.
Error bars. When the fit reaches x∗ (the best fit values) the error bars
are calculated for each parameter by the statistical procedure of calculating
the Hessian matrix, which represents the second derivative of the fit quality
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χ2 in regard to each parameter. The error bars in Extended Data Table 2 are
calculated as the square root of the diagonal values of the covariance matrix
(inverse of the Hessian matrix) evaluated at x∗ . More details are available
on the website of the Python package lmfit [39].
Fitting procedure. To find the tight-binding and scattering rate parameter values that best describe the Fermi surface of Nd-LSCO at p = 0.24
at all temperatures, we searched the parameter space using the following:
1. We fit the ADMR data at the four temperatures (6, 12, 20, 25 K)
simultaneously with the genetic algorithm. All temperatures share the
same tight-binding parameters during the optimization process, but
the scattering rate parameters (1/τiso , 1/τaniso , ν for the cosine model
Equation 7) are unique for each temperature.
2. The search range of the genetic algorithm for the tight-binding parameters was set at ±30 % around the ARPES values provided by Johan
Chang through private communications for the data presented in [7]:
µ = −0.93t, t0 = −0.136t, t00 = 0.068t, tz = 0.07t (this last value
comes from [24] for Eu-LSCO which shows identical atomic structure
and electronic properties). Only t = 190 meV was kept fixed.
3. The absolute value of ρzz at each temperature—not just the relative
change with angle—was included in the optimization.

Band structure
We use a three dimensional tight binding model of the Fermi surface that
accounts for the body-centered tetragonal crystal structure of Nd-LSCO [24],
(kx , ky , kz ) = − µ − 2t[cos(kx a) + cos(ky a)]
− 4t0 cos(kx a) cos(ky a) − 2t00 [cos(2kx a) + cos(2ky a)]
− 2tz cos(kx a/2) cos(ky a/2) cos(kz c/2)[cos(kx a) − cos(ky a)]2 ,
(5)
where µ is the chemical potential, t, t0 , and t00 are the first, second, and
third nearest neighbor hopping parameters, tz is the inter-layer hopping
parameter, a = 3.75 Å is the in-plane lattice constant of Nd-LSCO, and
c/2 = 6.6 Å is the CuO2 layer spacing. The inter-layer hopping has the
form factor cos(kx a/2) cos(ky a/2)[cos(kx a) − cos(ky a)]2 , which accounts for
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the offset copper oxide planes between layers of the body-centered tetragonal
structure [40].
The fit results of the ADMR data are presented in Figure 2a, Extended
Data Table 1 (for the tight-binding values), and Extended Data Table 2 (for
the scattering rate values). Although the genetic algorithm was allowed to
search over a wide range of parameters, we found that the optimal solution
converged towards t0 , t00 and tz values extremely close to the ARPES values,
with a 7% deviation at most for tz . Only µ, and therefore the doping p, is
substantially different from the ARPES value. The higher doping found by
ARPES may be due to the difficulty in accounting for the kz dispersion, or
may be due to different doping at the surface. Nevertheless, the shape of the
Fermi surface found by fitting the ADMR data (see Figure 1d) is electron
like and qualitatively identical to the one measured by ARPES [7], and the
doping we find (p = 0.248) is very close to the nominal one p = 0.24 ± 0.005
[6].
This demonstrates that the Fermi surface is correctly mapped out by the
ADMR data. In the figures and the analysis presented in this manuscript, we
use the tight-binding values from Extended Data Table 1, and for simplicity
we refer to them as the “tight-binding values from ARPES”, as they only
differ by the chemical potential value.

Determining the energy scale t
Fitting ADMR to a tight binding model using Boltzmann transport determines the relative variation between the different tight-binding parameters.
The overall scale t, however, must be determined independently. While
ARPES can determine t by fitting the measured dispersion to a tight binding
model, ARPES does not necessarily have the sensitivity to determine all band
renormalizations at the Fermi energy. As electrical transport is only sensitive
to renormalizations at the Fermi energy, and not to the overall bandwidth,
it is crucial to determine t accurately if one is to quantitatively determine
the scattering rate. The experimentally-determined quantity that is most
sensitive to band renormalizations near the Fermi energy is the specific heat,
which is sensitive to the total density of states. To determine t, we calculate
the density of states from our tight-binding model and adjust t to match the
experimentally-determined electronic specific heat, Cel .
In Extended Data Fig. 2a, we compare the calculated Sommerfeld coefficient γ ≡ Cel /T to the measured electronic specific heat for Nd-LSCO. At
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p = 0.27, 0.36, and 0.40, Cel /T is found to be constant at low T , with γ = 11,
6.5 and 5.5 ± 1 mJ / K2 mol, respectively (see Extended Data Fig. 2b) [25].
For Nd-LSCO at p = 0.24, Michon et al. [25] report a log(1/T ) increase in
the specific heat below 10 K. Above 10 K, this increase must terminate to
be consistent with the specific heat at p = 0.27, as the specific heat generally decreases with increased doping as the band moves away from the van
Hove points, and the mass enhancement decreases away from p? . The difference between the measured specific heat at 6 K and the lower bound set
by the p = 0.27 data is 20%. Because the origin of the log(1/T ) increase
is unknown, and its effect on the electrical transport is unclear, we take
the density of states across our temperature range—from 6 to 25 K—to be
constant. We know of at least two cases where m? is independent of temperature in a metal that does exhibit T -linear resistivity. The first case is
the electron-doped cuprates, where the mass from quantum oscillations in
NCCO at x = 0.17 obeys the standard Lifshitz-Kosevich (LK) form, with a
constant mass of m? = 2.3me [41]. Over the same temperature range, the
resistivity of PCCO at x = 0.17 is purely T -linear [42]. The second case
is Tl-2201 at p = 0.30, where quantum oscillations are perfectly LK-like,
indicating a constant m? [43]. Over the same temperature range where the
quantum oscillations are measured, from 1 to 5 K, the resistivity of Tl-2201
is dominated by the T -linear component [37]. Thus there is no clear link
between log(1/T ) specific heat and T -linear resistivity.
We therefore take a value of t = 130 meV as a lower bound on t (see
Extended Data Fig. 2a). The upper bound on t is set by ARPES, because
ARPES is not necessarily sensitive to all low-energy renormalizations near
the Fermi energy. This upper bound is t = 190 meV [24]. Extended Data
Fig. 2a shows that a value of t = 160 ± 30 meV—encompassing the lower
bound set by specific heat and the upper bound set by ARPES—agrees
well with the measured specific heat across the entire doping range, passing
through all error bars, from p = 0.23 to p = 0.40. The fractional reduction
in bandwidth from the ARPES value, i.e. t(ARPES)/t(γ), is 1.2.

Scattering rate models
In order to eliminate a possible model dependence of the scattering rate to
best describe the ADMR data of Nd-LSCO at p = 0.24, we tested different
scattering rate models that we detail below.
Isotropic scattering rate. We first consider a constant scattering rate
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model
1/τ = 1/τiso ,

(6)

where 1/τiso is the amplitude of the isotropic scattering rate. With this
we try to fit the ADMR data of Nd-LSCO at p = 0.24. The best fit result
is showed in Extended Data Fig. 3b, which demonstrates that a constant
scattering rate model fails to reproduce the data. Instead, the signal increases
monotonically out to θ = 90◦ . The features at θ = 40◦ and θ = 90◦ are
present – as they reflect the topology of the Fermi surface– but come with
wrong amplitudes and proportions in respect to each other. Using a smaller
or higher scattering rate just changes the overall amplitude of the curve, but
not the proportions of the features in respect to each other.
Anisotropic scattering rate: cosine. We next consider the most minimalistic anisotropic scattering rate model, one based on a cosine function:
1/τ (φ) = 1/τiso + 1/τaniso | cos(2φ)|ν ,

(7)

where 1/τiso is the amplitude of the isotropic scattering rate, 1/τaniso is the
amplitude of the φ-dependent scattering rate, and ν is an integer. The best
fit using this model is plotted in Figure 2a and Extended Data Fig. 3c,
and parameter values are listed in Extended Data Table 2. The features
at θ = 40◦ and θ = 90◦ are now present with the same amplitudes as the
data. With as few parameters as possible, this model captures the trend
of the anti-nodal regions of the Fermi surface to have shorter quasiparticle
lifetimes in the cuprates [27, 44], particularly close the van Hove singularity
at p ≈ 0.23. This is the model we used in Figure 2 — it should be seen as
the simplest phenomenological model able to capture the correct shape of
the real scattering rate, with the least number of free parameters.
Anisotropic scattering rates: tanh and polynomial. In order to
ensure that the cosine model captures the phenomenology of the real scattering rate without being a “fine-tuned” model, we now turn to two other
anisotropic scattering rate models based on entirely different functions. The
first model incorporates a hyperbolic tangent function ( Equation 8), the
second is a polynomial function in (Equation 9) (the most ‘adaptive’ of the
three models). The “tanh” model,
1/τ (φ) =

1/τiso
,
| tanh(a1 + a2 | cos(2(φ + π/4))|a3 )|
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(8)

and the polynomial model,
1/τ (φ) = 1/τiso +|a1 φ+a2 φ2 +a3 φ3 +a4 φ4 +a5 φ5 |, with φ(mod π/4) ∈ [0, π/4].
(9)
The best fits for these two models are plotted in Extended Data Fig. 3e
and f. The entire temperature dependence and the transport coefficients
calculated with the “tanh” model are shown in Extended Data Fig. 4. The
fits are not significantly different from the “cosine” model—slightly more
refined—which demonstrates that the essential physics is captured by the
minimalistic cosine model. Extended Data Fig. 3d shows that the three
anisotropic models all give the same φ-dependence close to the nodes at
θ = 45◦ and have the same slopes near θ = 90◦ . The models differ in their
absolute values of the scattering rate near θ = 90◦ : we attribute this small
discrepancy to the fact that the scattering rate at θ = 90◦ is so high that a
small change in curvature in the model can make the value at θ = 90◦ vary.
Nonetheless, this is just a quantitative difference, as the transport coefficients
calculated remain similar, the anisotropic component of the scattering rate
remains temperature independent and the isotropic part is T -linear for both
the “cosine” and “tanh” models as shown in Extended Data Fig. 4b. We do
not present the temperature dependence of the “polynomial” model because
of the long time it takes to converge with many more parameters.

ADMR for B = 35 T
In Extended Data Fig. 5a, we show ADMR data measured at B = 35 T.
Because of the smaller magnetic field, the data are very different from those
taken at B = 45 T – both the magnitude of the ADMR as well as the
qualitative features.
By following the same fitting procedure at B = 35 T, Extended Data
Fig. 5b we show that we obtain scattering rates and tight-binding parameters
that are the same to within 1% of those that describe the data at B = 45 T –
the only parameter that changes between the two sets of fits is the magnetic
field.
This shows that our scattering rate and tight binding parameters are
robust and do not rely on fine-tuning parameters to match the data at B =
45 T. Moreover, this shows that the scattering rate does not depend on field,
and that all magnetoresistance arises from the orbital motion of electrons
under the Lorentz force.
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Extended Data Fig. 1: ADMR experimental set up. (a) A photograph
of the sample on the rotator. The two samples here are mounted on a G-10
wedge to provide a φ angle of 30◦ . Additional wedges provided angles of
φ = 15◦ and 45◦ ; (b) ADMR as a function of θ angle from −15◦ to 110◦ and
φ = 0 at T = 20 K for Nd-LSCO p = 0.24, showing the symmetry of the
data about these two angles.
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ADMR
ARPES

t (meV)
160 ± 30
190

t0 /t
−0.1364 ± 0.0005
-0.136

t00 /t
0.0682 ± 0.0005
0.068

tz /t
0.0651 ± 0.0005
0.07

µ/t
−0.8243 ± 0.0005

p
0.248
0.28

Extended Data Table 1: Tight-binding parameters from the fit to the
ADMR data at p = 0.24 . Best fit tight-binding values for the Nd-LSCO
p = 0.24 ADMR data (using the cosine scattering rate model of Equation 7).
The hopping parameter t = 160 ± 30 meV was fixed by the measured specific
heat: see the section “Determining the energy scale t” for more information.
The results are extremely close to ARPES tight-binding values reported in
Matt et al. [7] and Horio et al. [24], reproduced here on the second line. Error
bars on the AMDR-derived values were obtained following the procedure
described in the above section. The error bar on the value of tz measured by
ARPES is ±0.02t (J. Chang and M. Horio, private communication).
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a

b

Extended Data Fig. 2: Calculated and measured Sommerfeld coefficients of Nd-LSCO. (a) The Sommerfeld coefficient γ for Nd-LSCO as
a function of doping. The measured values (red circles) are obtained from
electronic specific heat measurements Cel /T [25]. For the calculated γ (black
solid and dash lines), we use the tight-binding parameters from our ADMR
analysis for three different values of t, as indicated. The grey band represents the region of consistency between the calculations and the data. (b)
Electronic specific heat Cel /T as a function of temperature for Nd-LSCO
p = 0.24, 0.27, 0.36 and 0.40 [25]. The data are the solid lines and the
dashed lines represent extrapolations.
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a
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c

d

e

f

Extended Data Fig. 3: Fit of the Nd-LSCO p = 0.24 data with different scattering rate models. (a) ADMR data on Nd-LSCO p = 0.24 at
T = 25 K and B = 45 T; (b, c, e, f ) Best fits for the ADMR data in (a) using the Fermi surface in Figure 1d and, respectively, an isotropic scattering
rate model, and three different anisotropic scattering rate models: cosine,
tanh and polynomial; (d) The three different anisotropic scattering rates as
a function of the azimuthal angle φ at T = 25 K.
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T (K)
25
20
12
6

1/τiso (ps−1 )
12.595 ± 0.002
11.937 ± 0.003
10.663 ± 0.005
9.628 ± 0.049

1/τaniso (ps−1 )
63.823 ± 0.257
63.565 ± 0.759
63.599 ± 0.235
63.929 ± 0.902

ν
12 ± 1
12 ± 1
12 ± 1
12 ± 1

t (meV)
160 ± 30
160 ± 30
160 ± 30
160 ± 30

t0
−0.1364t
−0.1364t
−0.1364t
−0.1364t

t00
0.0682t
0.0682t
0.0682t
0.0682t

tz
0.0651t
0.0651t
0.0651t
0.0651t

µ
−0.8243t
−0.8243t
−0.8243t
−0.8243t

p
0.248
0.248
0.248
0.248

Extended Data Table 2: Results of the fit of the Nd-LSCO p = 0.24
data with the cosine scattering rate model. Best fit scattering rate
and tight-binding values of the Nd-LSCO p = 0.24 ADMR data plotted
in Figure 2a. The fit was achieved by the multi-temperature fit procedure
described in the above section. Error bars on the scattering rate parameters
were obtained following the procedure described in the fitting method section.
Error bars on the tight-binding parameters are all ±0.0005t.
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Extended Data Fig. 4: ADMR and quasiparticle scattering rate of
Nd-LSCO at p = 0.24 for “tanh” model. This figure is the same as
Figure 2a and Figure 3a, b in the main text, except that the ADMR has
been fit using the “tanh” model instead of the “cosine” model (see Extended
Data Fig. 3).

33

a

Data

Calculation

b

Extended Data Fig. 5: ADMR and quasiparticle scattering rate of NdLSCO at p = 0.24 for B = 35 T. This figure is the same as Figure 2a
and c in the main text except that the ADMR data are taken at B = 35 T.
The fit has been carried out using the “cosine” model. Panel b shows that
scattering rate values are identical to within a percent of those obtained from
the fit to the data at B = 45 T, shown in figure Figure 2c.
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