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A variety of “strange metals” exhibit resistivity that decreases linearly with tem-
perature as 7" — 0 [1, 2, 3], in contrast with conventional metals where resistivity
decreases as T?. This T-linear resistivity has been attributed to charge carriers scat-
tering at a rate given by i/T = akgT, where « 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 La; _,Nd(4Sr,CuO,—a hole-doped cuprate that displays 7-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
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Planckian limit, namely a = 1.2 £ 0.4. Remarkably, we find that this Planckian
scattering rate is isotropic, i.e. it is independent of direction, in contrast with expec-
tations from “hot-spot” models [8, 9]. Our findings suggest that 7-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-T, 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 recog-
nized early on that understanding 7T-linear resistivity may be the key to unraveling the mystery
of high-T, 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 of
a common underlying origin, but 7'-linear resistivity at low temperatures lies outside the stan-
dard 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 quasi-
particle 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 1/7 in these
models obeys the so-called “Planckian limit”:

h

~ = akpT, (1)
where kg and h are the Boltzmann and Planck constants, respectively, and « is a constant of order
unity. Simple estimates of o 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-
T. cuprate Laj g 4 Ndg4Sr,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
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Figure 1: T-linear resistivity and the angle dependent magnetoresistance technique.
(a) Temperature-doping phase diagram of the hole-doped 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 supercon-
ducting dome is not represented as it can be suppressed with a magnetic field B || ¢ > 20 T. The
red stripe indicates Nd-LSCO at p = 0.24 measured in the ADMR experiment, the violet stripe
represents T12201 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 T12201 at p = 0.29 at B =13 T
[21] (violet). For both sets of data, the elastic part of the resistivity py has been subtracted from
the total resistivity p (px) and divided by the distance d between the CuOs planes. The black
dashed line is the T-linear component of the resistivity of T12201 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 ¢ and 6 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.

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 superconductivity is suppressed by a magnetic
field (see Figure 1b).

The technique we use to access the quasiparticle scattering rate is angle-dependent magne-
toresistance (ADMR), which measures variations in the c-axis resistivity (p,,) as the sample is
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rotated to different azimuthal (¢) and polar (6) 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 [22] and ad-
just the Fermi surface geometry and the momentum-dependence 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 [23, 24].

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 € in a fixed field of 45 T (see Figure 1c for the experimental geom-
etry). 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, 25]. We set the overall energy scale of the model to be ¢ = 160 & 30 meV based
on the measured specific heat [26] (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 (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 # = 40°, the onset
of ¢ dependence beyond 6§ = 40°, the ¢-dependent peak/dip near § = 90°, and the absolute
value of p.,. The Fermi surface produced by this fit, shown in Figure 1d, agrees with ARPES
measurements [7, 25]. 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: 1/7(k) = 1/Tiso + 1/Taniso (k).
We find that the ADMR is best described by a highly anisotropic scattering rate that is largest
near the “anti-nodal” (¢ = 0°, 90°, 180° and 270°) regions of the Brillouin zone and smallest near
the “nodal” (¢ = 45°, 135°, 225° and 315°) regions (Figure 2b). In Extended Data Fig. 3, we
show that three different phenomenological models of 1/7(k) all converge to the same shape as a
function of ¢, 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 8- and ¢-dependent p,,,
and we a priort 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 compo-
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Figure 22  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 6 for four different temperatures,
T = 25, 20, 12, and 6 K, and at B = 45 T. The grey area near # = 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, 1/7,, is shown as a dashed red
line. The anisotropic part, 1/Taniso is shown in violet. The total scattering rate, 1/7Taniso + 1/7is0
is the entire solid line, shaded red or violet depending on whether it is dominated by 1/Tapiso OF
1/7is0, respectively. (c) Temperature dependence of the two components of the scattering rate.
A linear fit to 1/7g using 1/7 = A + akgT/h, yields a = 1.2 + 0.4, a value consistent with
the Planckian limit (v &~ 1). The error bar on « 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/Taniso 1S seen to be temperature independent, showing that it comes entirely from
elastic scattering off defects and impurities.

nents 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 trans-
port to calculate the temperature dependence of p,, and the Hall coefficient Ry = p,y/B. As
shown in Figure 3, we reproduce the temperature dependence of all three transport coefficients.



0.8¢ _
Nd-LSCO p =0.24
60 | 8 P
o | -~ 3
S 40 -— S T
3 4 O €
= (x0.8) 0 -
% 3 T
Q20+ - < -04
2
Nd-LSCO p = 0.24 08"
00 15 30 45O
T(K)
c 120 ‘ ‘ d
LSCO p =0.19
e
o
<
~30¢
%
I
——————————— xB Calculation
00 25 50 75 100 L 5O 25 50 75 100
B(T) B(T)

Figure 3: Transport coefficients of Nd-LSCO at p = 0.24. (a, b) p, and p,, at B =33 T
and Ry at B = 15 T, respectively. Solid lines represent the data measured on Nd-LSCO at
p = 0.24 (pyx, pu and Ry [6]). Circles represent the values calculated using the scattering rates
plotted in Figure 2c. The py, 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 (w.7 — o0) 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 wer =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) [27] 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? at high temperature (dashed line), as observed in LSCO p = 0.19.

While the Fermi surface at p = 0.24 is electron-like (i.e. it is centered on the I' point in the
first Brillouin zone), both the measured and calculated Ry are hole-liked due to the Fermi surface
curvature [28] (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 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

1/7_ (gb, T) = 1/Telastic + l/Tinelastic (T) (2)

We find that 1/Teastic = 1/Taniso (@) + 1/Tiso (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, temperature-independent, and its angle dependence resembles the strongly ¢-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 [29].
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 [30], 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/Tipelastic(T) = CYkBTT, with « 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 [31]. 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 w-linear
scattering rate, and 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
[32]. 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 py, 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? dependence dominates at
high T" and low B—strikingly similar to what was recently measured in LSCO [27] (Figure 3c).
This B—linear magnetoresistance occurs naturally at intermediate fields between the low-field B2
regime and the field-independent regime that occurs once w.7 >> 1 [34] (see SI for more details).
When vp or 7 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

'We use the working-definitions of “elastic scattering” to mean temperature-independent scattering and “inelas-
tic 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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Figure 4: Comparison of two overdoped cuprates — Nd-LSCO and T12201 — (a, b)
Fermi surfaces at k, = w/c. In Nd-LSCO at p = 0.24 ((a), red), the Fermi surface is electron-like
and contained inside the antiferromagnetic zone boundary (black dotted lines). In T12201, with
T. = 15 K ((b), violet), the hole-like Fermi surface crosses the antiferromagnetic zone boundary at
so-called “hot spots” (violet points). (c, d) Density of states (DoS) 1/|Vge(k)| as a function of the
azimuthal angle ¢, at k, = 7/c. In Nd-LSCO (c), the DoS is large at the antinodes due to proximity
to the van Hove singularity. By contrast, in T12201 (d), the DoS is nearly isotropic. (e) Elastic
part of the scattering rate vs azimuthal angle ¢. In Nd-LSCO (red), the elastic scattering rate
tracks the strong angle dependence of the DoS. By contrast, the elastic scattering rate in T12201
(violet; from [33]) is isotropic, in accordance with the relatively isotropic DoS. (f) Inelastic part of
the scattering rate, multiplied by i/(kgT), vs azimuthal angle ¢. The inelastic scattering rate in
Nd-LSCO is isotropic and consistent with “Planckian dissipation” in the sense that h/7 = akgT
with a of order 1 (the uncertainty in « is indicated by the red shading.) The inelastic T-linear
scattering rate of T12201 is strongly anisotropic, going from zero at ¢ = 45° (nodal region) to a
near-Planckian magnitude at ¢ = 0° (anti-nodal region, near the hot spots). Note that in T12201
there is also an isotropic T2 part to the inelastic scattering rate, in addition to the anisotropic
T-linear part shown here [33]. This results in a resistivity that varies as a7 +bT? (Figure 1b) [21].

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 [35], 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 [36], the resistivity is T2, as expected for a Fermi
liquid. As the doping is lowered toward p*, the T2 component of the resistivity shrinks while a
T-linear contribution grows [37]. Prior ADMR studies on overdoped Tl;BasCuQOg. s (T12201), at
p = 0.29 (T. = 15 K) [33], have found coexistence between an isotropic T? scattering rate and
an anisotropic T-linear scattering rate (see Figure 4d, e and f), agreeing with the temperature
dependence of the resistivity in T12201 (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 T12201 and Nd-LSCO.

First we compare the elastic scattering rate, which is isotropic in T12201 versus strongly
anisotropic in Nd-LSCO (Figure 4e). We attribute this to a difference in the density of states:
nearly isotropic in T12201 (Figure 4b and d) versus strongly anisotropic in Nd-LSCO due to the
proximity of its F'S 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 7T-linear and has the full Planckian magnitude for all k directions (Figure 4f).
By contrast, the inelastic scattering in T12201 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 T12201 is not T-linear, varying as a1’ + 012, 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 CeCusg9Aug; [2]. ADMR studies on T12201 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 72 component will decrease and
then vanish at that same doping.
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Methods

Samples and Transport Measurements

Single crystal Lay_y_Nd,Sr,CuO, (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
T, defined as the point of zero resistance, is T. = 11 K. The pseudogap critical point in Nd-LSCO
is at p* = 0.23 (ref. [20]).

1.005

P22/ 2(0)

0.995

-15 0 15 30 45 60 75 90 105

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 ¢ angle of 30°.
Additional wedges provided angles of ¢ = 15° and 45°; (b) ADMR as a function of € angle from
—15° to 110° and ¢ = 0 at T' = 20 K for Nd-LSCO p = 0.24, showing the symmetry of the data
about these two angles.

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 Igyrg = 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 7'=6 K and 7" = 12 K
(horizontal error bars in Figure 2¢ and 3a, b), but negligible at 7' = 20 K and above.

At p = 0.24 the upper critical field of Nd-LSCO is 10 T for B || ¢ [26]. 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 || c to B || a. At T'=12 K and 7" = 6 K the p = 0.24 sample is in the
normal state when B || ¢, but superconductivity onsets when the field is rotated toward B || a,
as shown in Figure 2a.
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The polar angle 6 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 6 was calibrated
by finding symmetric points in the resistivity and scaling the measured voltage such that the
symmetric points lie at § = 0° and 90° (see Extended Data Fig. 1b). This procedure resulted
in an uncertainty in 6 of £0.5°. The azimuthal angle ¢ 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 ¢ of 4+2°.

Fitting method

Genetic algorithm. Computing the conductivity as described above involves free parameters
(e.g. ', t" ., |, Tisos Taniso, V) Which can be written as a vector . The optimal &, which we refer to
as £*, minimizes the chi-square (x?) statistic between the resistivity from the model p"°d(x, 0, ¢)

and the measured resistivity pda'a(f, ¢) at all magnetic field orientations (6, ¢):

) =D (ool (a, 0, ) — pl(0,0))”, (3)

(0,9)
We thus seek 2* such that:

x* = arg min x*(x). (4)

Using the Chambers formula to fit the ADMR measurements can be tricky for standard op-
timization 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 x(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 Imfit [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 Imfit [39]. The three optimizers all converged to the same results, confirming the robustness of
our fit procedure.

Convergence criteria. The y? values of each member of the population are calculated after
each generation of optimization. The distribution of all these y? 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 &* (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 x? 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 *. More details are available on the website of the
Python package Imfit [39].
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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 (1/7go, 1/Taniso, ¥ 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]: u = —0.93t, ' = —0.136t, t”" = 0.068t, t, = 0.07¢ (this last value comes
from [25] for Eu-LSCO which shows identical atomic structure and electronic properties).
Only t = 190 meV was kept fixed.

3. The absolute value of p,, at each temperature—mnot just the relative change with angle—was
included in the optimization.

t (meV) t'/t "/t t./t w/t D
ADMR | 160 £ 30 | —0.1364 £ 0.0005 | 0.0682 £ 0.0005 | 0.0651 £ 0.0005 | —0.8243 £ 0.0005 | 0.248
ARPES 190 -0.136 0.068 0.07 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. [25], 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 t, measured by ARPES is £0.02¢ (J. Chang and M. Horio, private communication).

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 [25],

€(ky, ky, k) = — p — 2t[cos(kza) + cos(kya)]
— 4t cos(kya) cos(kya) — 2t"[cos(2k,a) + cos(2kya)] (5)
— 2t cos(kya/2) cos(kya/2) cos(k,c/2)[cos(kya) — cos(k,a))?,

where p is the chemical potential, ¢, ¢/, and ¢” are the first, second, and third nearest neighbor
hopping parameters, t, is the inter-layer hopping parameter, a = 3.75 A is the in-plane lattice
constant of Nd-LSCO, and ¢/2 = 6.6 A is the CuO, layer spacing. The inter-layer hopping has
the form factor cos(k,a/2) cos(kya/2)[cos(kqa) — cos(kya)]?, which accounts for 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
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the genetic algorithm was allowed to search over a wide range of parameters, we found that the
optimal solution converged towards ¢’, t” and t, values extremely close to the ARPES values, with
a 7% deviation at most for ¢,. Only u, 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 k, 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 vari-
ation between the different tight-binding parameters. The overall scale ¢, however, must be de-
termined independently. While ARPES can determine ¢ 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 ¢ 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 ¢, we calculate the density of states from
our tight-binding model and adjust ¢ to match the experimentally-determined electronic specific
heat, Cy.

In Extended Data Fig. 2a, we compare the calculated Sommerfeld coefficient v = Cy /T to
the measured electronic specific heat for Nd-LSCO. At p = 0.27, 0.36, and 0.40, C;/T is found
to be constant at low T, with v = 11, 6.5 and 5.5 + 1 mJ / K? mol, respectively (see Extended
Data Fig. 2b) [26]. For Nd-LSCO at p = 0.24, Michon et al. [26] 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* = 2.3m,. [41]. Over the same temperature range, the
resistivity of PCCO at x = 0.17 is purely T-linear [42]. The second case is T1-2201 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
T1-2201 is dominated by the T-linear component [21]. Thus there is no clear link between log(1/7)
specific heat and T-linear resistivity.

We therefore take a value of ¢ = 130 meV as a lower bound on ¢ (see Extended Data Fig. 2a).
The upper bound on t is set by ARPES, because ARPES is not necessarily sensitive to all low-
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Extended Data Fig. 2: Calculated and measured Sommerfeld coefficients of Nd-LSCO.
(a) The Sommerfeld coefficient v for Nd-LSCO as a function of doping. The measured values (red
circles) are obtained from electronic specific heat measurements C, /T [26]. For the calculated ~y
(black solid and dash lines), we use the tight-binding parameters from our ADMR analysis for
three different values of ¢, as indicated. The grey band represents the region of consistency between
the calculations and the data. (b) Electronic specific heat Cq /T as a function of temperature for
Nd-LSCO p = 0.24, 0.27, 0.36 and 0.40 [26]. The data are the solid lines and the dashed lines
represent extrapolations.

energy renormalizations near the Fermi energy. This upper bound is ¢ = 190 meV [25]. 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(y), 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 model

1/7 =1/Tis0, (6)

where 1/7, 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 # = 90°. The features at § = 40° and 6 = 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:

1/7(¢) = 1/Tiso + 1/ Taniso| cos(26)", (7)
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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 ¢ at T' = 25 K.

where 1/7, is the amplitude of the isotropic scattering rate, 1/Taniso 1S the amplitude of the
¢-dependent scattering rate, and v 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 0 = 40° and # = 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 [29, 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.

T (K) | 1/7io (ps7Y) | 1/Taniso (ps71) v t (meV) t t" t, U P
25 12.595 +0.002 | 63.823 £0.257 | 12 £ 1 | 160 &30 | —0.1364¢ | 0.0682¢ | 0.0651¢ | —0.8243¢ | 0.248
20 11.937 +0.003 | 63.565 +0.759 | 12+ 1 | 160 &30 | —0.1364¢ | 0.0682¢ | 0.0651¢ | —0.8243¢ | 0.248
12 10.663 + 0.005 | 63.599 £0.235 | 12+ 1 | 160 30 | —0.1364¢ | 0.0682¢ | 0.0651¢ | —0.8243¢ | 0.248
6 9.628 +0.049 | 63.929 +£0.902 | 12+ 1 | 160 4+ 30 | —0.1364¢ | 0.0682¢ | 0.0651t | —0.8243¢ | 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 £0.0005¢.
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Anisotropic scattering rates: tanh and polynomial. In order to ensure that the co-
sine 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,

o ]-/7-iso

| tanh(a; + ag| cos(2(¢ + 7 /4))])|’ (8)

1/7(¢)
and the polynomial model,

1/7(¢) = 1/Tigo + |a16 + a20® + a3d® + as¢* + a5¢°|, with ¢(mod 7/4) € [0, 7/4]. (9)
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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).

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
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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 ¢-
dependence close to the nodes at § = 45° and have the same slopes near § = 90°. The models differ
in their absolute values of the scattering rate near 6 = 90°: we attribute this small discrepancy
to the fact that the scattering rate at § = 90° is so high that a small change in curvature in the
model can make the value at § = 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 7T-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=35T
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Extended Data Fig. 5: ADMR and quasiparticle scattering rate of Nd-LSCO 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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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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Supplementary Information

Tight Binding Model

We use a three dimensional tight binding model of the Fermi surface that accounts for the body-
centered tetragonal crystal structure of Nd-LSCO [25],

€(ky, ky, k,) = — 1 — 2t[cos(kya) + cos(kya)]
— 4t cos(kya) cos(kya) — 2t"[cos(2k,a) + cos(2kya)] (10)
— 2t cos(kya/2) cos(k,a/2) cos(k,c/2)[cos(kya) — cos(kya)]?,

where p is the chemical potential, ¢, ¢/, and ¢” are the first, second, and third nearest neighbor
hopping parameters, t, is the inter-layer hopping parameter, a = 3.75 A is the in-plane lattice
constant of Nd-LSCO, and ¢/2 = 6.6 A is the CuO, layer spacing. The inter-layer hopping has
the form factor cos(k,a/2) cos(kya/2)[cos(kqa) — cos(kya)]?, which accounts for the offset copper
oxide planes between layers of the body-centered tetragonal structure [40].

Transport Calculations in a Magnetic Field

The semi-classical electrical conductivity of a metal can be calculated by solving the Boltzmann
transport equation within the relaxation-time approximation. The approach most suitable for
calculating angle-dependent magnetoresistance was formulated by Chambers [22]. It provides an
intuitive prescription for calculating the full conductivity tensor o;; in a magnetic field B, starting
from a tight-binding model of the electronic band structure (k). Chambers’ solution is

= e (“DY sk — o) [ o) e 11
i = 43 “de vilk(t = 0)] _Oovj[ (t)] e , (11)
where [d’k is an integral over the entire Brillouin zone, (—‘Z—f) is the derivative with respect to

energy of the equilibrium Fermi distribution function, v; is the i*® component of the quasiparticle
velocity, and ffoo dt is an integral over the lifetime, 7, of a quasiparticle. The Fermi velocity

is calculated from the tight binding model as vy = %6]‘,6(’{3) The magnetic field, including its
orientation with respect to the crystal axes, enters through the Lorentz force, which acts to evolve
the momentum k of the quasiparticle through h% = ev X B. Because the magnetic field is
included explicitly in this manner, Chambers’ solution has the advantage of being exact to all
orders in magnetic field.

The conductivity of a general electronic dispersion relation e(k) can be calculated using Equa-
tion 11. The factor (—dg—f) is approximated as a delta function at the Fermi energy in the limit
that the temperature 7" is much smaller than any of the hopping parameters in €(k), as is the case
for our experiments. This delta function transforms the integral over the Brillouin zone into an in-
tegral over the Fermi surface, and introduces a factor of 1/|Vge(k)|, which is the density of states.
To perform the integrals in Equation 11 numerically, the Fermi surface is discretized, usually into
10 to 15 layers along k., with 60 to 100 points per k, layer, and each point is evolved in time using
the Lorentz force equation. This moves the quasiparticles along cyclotron orbits around the Fermi
surface, and their velocity is recorded at each position and integrated over time. The weighting
factor e/™ accounts for the scattering of the quasiparticles as they traverse the orbit. In general, 7

t/T dt’ JT(k(t"))

is taken to be a function of momentum, 7(k), and then the factor "7 is replaced by elt .
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Equation 11 can be used to calculate any component of the semiclassical conductivity tensor. We
use it to calculate p,,, as well as py and pyy, in Figure 3 of the main text. Note that because of the
highly 2D nature of the Fermi surface of Nd-LSCO, we neglect the off-diagonal components of the
conductivity tensor and use p,, ~ 1/0,,. For ps and py, we invert the full in-plane conductivity
tensor.

Cyclotron Frequency

The product of the cyclotron frequency, w, = <2

= £7, and the quasiparticle lifetime, 7, is generally seen
as a good indicator of whether one should expect to observe quantum oscillations and ADMR.
When w.m ~ 1 or greater, quasiparticles complete full cyclotron orbits and the effects of both
Landau quantization and Fermi surface geometry are seen in the transport. When w.7 < 1, on
the other hand, quasiparticles scatter too frequently for these effects to be observed. Given that
we observe ADMR but not quantum oscillations in these samples, it is worth investigating the
structure of w.7 in more detail for Nd-LSCO.

We calculate w.r for Nd-LSCO p = 0.24 at B = 45 T, with B || ¢, using the relation

1 h dk
wer  2meB j{ vy (k)T (k) (12)

vy (k) is the component of the velocity perpendicular to the field, 1/7(k) is the total scattering
rate, and the line integral follows the closed cyclotron orbit around the total length on the Fermi
surface. Using our extracted scattering rate at T" = 25 K for Nd-LSCO p = 0.24, Equation 12
gives w.T = 0.024 at 6 = 0°.
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Extended Data Fig. S10: w.T, velocities around the Fermi surface of Nd-LSCO p = 0.24.
(a) Local w.T as a function of in-plane ¢ angle for Nd-LSCO p =024 at T =25 Kand B=45T,
with B || ¢, and closed cyclotron orbit on the k, = m/c Fermi surface; (b) In plane velocity vy’

(c) Out of plane velocity v%, as a function in-plane ¢ angle on the k, = 7/c¢ Fermi surface of
Nd-LSCO p = 0.24.

Given this small value of w.7, it may be somewhat surprising that we detect features in the
ADMR. Unlike quantum oscillations, however, ADMR does not require quantum coherence around
a cyclotron orbit. Instead, ADMR is sensitive to the local structure of the FS. Thus the nodal
regions of the Fermi surface, with longer quasiparticle lifetimes and smaller cyclotron effective
masses, can still contribute to the ADMR even though full cyclotron orbits are prohibited. To
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visualize this we define a local w.T as a function of each point k around the cyclotron orbit via:

1 o h 21k B m*(k)
w.r(k)  2meBu, (k)r(k)  eBr(k)’ (13)

where m*(k) = hk/v, (k) the local effective mass at point k.

We parametrize k around a cyclotron orbit by the angle ¢, and plot the effective w.7 as a
function of ¢. Figure S10 shows that in the nodal region (¢ = 45°) the effective w.7 is near 0.3.
This is close to the w,7 measured in the cuprate T1-2201, which was found to be 0.45 [45]. The
w.T integrated around a full cyclotron orbit, on the other hand, is 0.024, explaining why quantum
oscillations (which require full cyclotron orbits) are not visible in Nd-LSCO.

ADMR vs ARPES Elastic Scattering
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Extended Data Fig. S11: Comparison between ADMR scattering rates and ARPES
linewidths — The red points are the linewidths—proportional to the single-particle scattering
rate—measured by ARPES in LSCO at p = 0.23, taken from figure S2 of Chang et al. [30]. The
purple curve is the elastic part of the scattering rate we obtain by fitting the ADMR for Nd-LSCO
at p =0.24.

Origin of the Linear Magnetoresistance

The following is a simple example of how B—linear magnetoresistance arises naturally from
Fermi surface and scattering-rate anisotropy. Semiclassical magnetoresistance generically has two
regimes: the low-field regime, where p oc B2, and the high field regime, where p saturates and is
B-independent [46]. The crossover between B? and B-independent naturally produces a region of
B-linear resistivity in between [34]. The range in magnetic field over which the magnetoresistance
appears to be B-linear depends on the microscopic details of the Fermi surface and the scattering
rate. In particular, Fermi surface with large anisotropy in vg or 7 (or both) will have a large
region of B-linear magnetoresistance.
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To illustrate how B-linear magnetoresistance arises from Equation 11, consider a square Fermi
surface (so that v; is constant on each side) with an isotropic 7 everywhere except for the corners
of the square where 7 is zero. Apply a magnetic field perpendicular to the plane of the square
such that quasiparticles traverse the sides of the square and then hit the corners and scatter
immediately.

The contribution to the conductivity from a single quasiparticle (integrating over the entire
Fermi surface will only introduce an overall numerical factor, as v, is a constant for 2 of the sides
and 0 for the other 2) is computed from Equation 11 as 0,, ~ v2 fooo e~*/7dt, where we have used
the fact that v, is a constant and we have switched the direction of ¢ for greater clarity in this
example (with no loss of generality.) The time taken for a quasiparticle to traverse a side of the
square is given by solving the Lortenz force equation and is At = hAk/(ev,B), where Ak is the
distance in momentum space from where the quasiparticle started to the corner it will encounter

first (which depends on the sign of the magnetic field). Once the quasiparticle reaches the corner,
—hAk
7 becomes zero and the integral is cut off. The conductivity is then 0., ~ v27(1 — ee=b7). In

the limit that B is large this expression reduces to o,, o 1/B, resulting in B-linear p,, (04, is
zero in this model because quasiparticles never make it past a corner where constant v, changes
to constant v,).

As the lifetime 7 is increased from zero at the corners, there will be an offset to the conductivity
resulting in B2 resistivity at low-fields and B-linear resistivity at high fields. Only once w,7 >> 1
is reached will the resistivity saturate—this can be an arbitrarily high field scale if 7 is made
arbitrarily small at the corners. A more realistic Fermi surface and scattering rate will change this
calculation in quantitative ways but the three regimes remain, and with a very anisotropic 7 (or
vr) one can have a very large region of B-linear resistivity.
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