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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 [1],
(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)]

(1)

− 2tz cos(kx a/2) cos(ky a/2) cos(kz c/2)[cos(kx a) − cos(ky a)]2 ,
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 the offset copper oxide planes between layers of the body-centered tetragonal
structure [2].
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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 [3]. It provides an intuitive prescription for calculating the full conductivity tensor σij in
a magnetic field B, starting from a tight-binding model of the electronic band structure (k).
Chambers’ solution is
e2
σij = 3
4π
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where d3 k is an integral over the entire Brillouin zone, − dfd0 is the derivative with respect
to energy of the equilibrium Fermi distribution function, vi is the ith component of the
R0
quasiparticle velocity, and −∞ dt is an integral over the lifetime, τ , of a quasiparticle. The
~ k (k). The magnetic
Fermi velocity is calculated from the tight binding model as vF = 1 ∇
~

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 ~ dk
= ev × B.
dt
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 (k) can be calculated using

Equation 2. The factor − dfd0 is approximated as a delta function at the Fermi energy in
the limit that the temperature T 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
~ k (k)|,
Brillouin zone into an integral over the Fermi surface, and introduces a factor of 1/|∇
which is the density of states. To perform the integrals in Equation 2 numerically, the
Fermi surface is discretized, usually into 10 to 15 layers along kz , with 60 to 100 points per
kz 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 et/τ accounts for
the scattering of the quasiparticles as they traverse the orbit. In general, τ is taken to be a
function of momentum, τ (k), and then the factor et/τ is replaced by e

R0
t

dt0 /τ (k(t0 ))

. Equation 2

can be used to calculate any component of the semiclassical conductivity tensor. We use it
to calculate ρzz , as well as ρxx and ρxy in Figure 3 of the main text. Note that because of the
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highly 2D nature of the Fermi surface of Nd-LSCO, we neglect the off-diagonal components
of the conductivity tensor and use ρzz ≈ 1/σzz . For ρxx and ρxy we invert the full in-plane
conductivity tensor.

Cyclotron Frequency

The product of the cyclotron frequency, ωc ≡

eB
,
m?

and the quasiparticle lifetime, τ ,

is generally seen as a good indicator of whether one should expect to observe quantum
oscillations and ADMR. When ωc τ ∼ 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 ωc τ  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 ωc τ in more detail for Nd-LSCO.
We calculate ωc τ for Nd-LSCO p = 0.24 at B = 45 T, with B k c, using the relation
I
~
1
dk
=
,
(3)
ωc τ
2πeB
v⊥ (k)τ (k)
v⊥ (k) is the component of the velocity perpendicular to the field, 1/τ (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 3 gives ωc τ = 0.024 at θ = 0◦ .
a

b

c

FIG. S1. ωc τ , velocities around the Fermi surface of Nd-LSCO p = 0.24. (a) Local ωc τ as
a function of in-plane φ angle for Nd-LSCO p = 0.24 at T = 25 K and B = 45 T, with B k c, and
closed cyclotron orbit on the kz = π/c Fermi surface; (b) In plane velocity vFxy ; (c) Out of plane
velocity vFz , as a function in-plane φ angle on the kz = π/c Fermi surface of Nd-LSCO p = 0.24.
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Given this small value of ωc τ , 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 visualize this we define a local ωc τ as a function of each
point k around the cyclotron orbit via:
~
2πk
m∗ (k)
1
=
=
,
ωc τ (k)
2πeB v⊥ (k)τ (k)
eBτ (k)

(4)

where m∗ (k) = ~k/v⊥ (k) the local effective mass at point k.
We parametrize k around a cyclotron orbit by the angle φ, and plot the effective ωc τ
as a function of φ. Figure S1 shows that in the nodal region (φ = 45◦ ) the effective ωc τ
is near 0.3. This is close to the ωc τ measured in the cuprate Tl-2201, which was found to
be 0.45 [4]. The ωc τ 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.
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ADMR vs ARPES Elastic Scattering

FIG. S2. 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. [5]. 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 ρ ∝ B 2 , and the high field regime, where ρ
saturates and is B-independent [6]. The crossover between B 2 and B-independent naturally
produces a region of B-linear resistivity in between [7]. 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 vF or τ (or both) will have a large region of B-linear magnetoresistance.
To illustrate how B-linear magnetoresistance arises from Equation 2, consider a square
Fermi surface (so that vi is constant on each side) with an isotropic τ everywhere except
for the corners of the square where τ is zero. Apply a magnetic field perpendicular to the
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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 vx is a constant for
R∞
2 of the sides and 0 for the other 2) is computed from Equation 2 as σxx ∼ vx2 0 e−t/τ dt,
where we have used the fact that vx is a constant and we have switched the direction of
t 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 ∆t = ~∆k/(evx B), where ∆k 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, τ becomes zero and the integral
−~∆k

is cut off. The conductivity is then σxx ∼ vx2 τ (1 − e evx Bτ ). In the limit that B is large this
expression reduces to σxx ∝ 1/B, resulting in B-linear ρxx (σxy is zero in this model because
quasiparticles never make it past a corner where constant vx changes to constant vy ).
As the lifetime τ is increased from zero at the corners, there will be an offset to the
conductivity resulting in B 2 resistivity at low-fields and B-linear resistivity at high fields.
Only once ωc τ >> 1 is reached will the resistivity saturate—this can be an arbitrarily high
field scale if τ 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 τ (or vF ) one can have a very large region of B-linear
resistivity.
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