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marks the onset of the pseudogap phase in Nd-LSCO has been well 
characterized by transport7,20, specific heat21 and ARPES22 mea-
surements. At p = 0.20, a gap opens along the ‘anti-nodal’ direc-
tions of the Brillouin zone (ϕ = 0°, 90°, 180° and 270°) on cooling 
below T* = 75 K, followed by an upturn in the resistivity; at p = 0.24, 
ARPES detects no anti-nodal gap and the resistivity remains per-
fectly linear down to the lowest measured temperature. Note that 
the highest doping where X-ray scattering detects the CDW order in 
Nd-LSCO is p = 0.17 (ref. 13). As with other cuprates23,24, the onset of 
the CDW order in Nd-LSCO coincides with a downturn in the Hall 
coefficient towards negative values25. At p ≥ 0.20, the Hall coeffi-
cient remains positive at all the temperatures and magnetic fields20. 
This suggests that the quasiparticles responsible for transport (and 
hence, ADMR) do not feel the influence of any remnant CDW order 
at the dopings where we perform our measurements, in agreement 
with the absence of any CDW modulations detected by X-ray dif-
fraction and the Seebeck coefficient at p ≥ 0.18 (refs. 13,26).

To determine whether the FS is transformed across p*, we mea-
sure variations in the c-axis resistivity ρzz of Nd-LSCO at p = 0.21 
and p = 0.24 as a function of the polar (θ) and azimuthal (ϕ) angles 
between the sample and external magnetic field B (Fig. 1b–d)—a 
technique known as ADMR. These variations are determined by 
the three-dimensional (3D) geometry of the FS and the momen-
tum dependence of the scattering rate. The basic premise of ADMR 
is that the velocities of charge-carrying quasiparticles are modi-
fied by the Lorentz force in a magnetic field. Within the standard 

relaxation-time approximation, ρzz is given by the Chambers’ solu-
tion to the Boltzmann transport equation:
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where ∮d2k is an integral over the FS, D (k) is the density of states 
at point k, vz is the component of the Fermi velocity in the z direc-
tion and 
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[k (t)] et/τdt is an integral of vz weighted by the 
probability that a quasiparticle with lifetime τ scatters after time 
t (ref. 27). The magnetic field B enters through the Lorentz force 
h̄
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dt

= ev× B, where ħ is the reduced Planck constant and e is the 
elementary charge, which induces the quasiparticles into cyclotron 
motion around the FS (Fig. 2c).

For a quasi-two-dimensional FS with simple, sinusoidal warp-
ing, ρzz can be analytically calculated using equation (1) in the limit 
where τ is long28. The exact calculation contains special Yamaji 
angles where all the cyclotron orbits have the same cross-sectional 
area perpendicular to the magnetic field and where the vz compo-
nent of the Fermi velocity averages to zero around each orbit. This 
cancellation of vz results in the maxima in the c-axis resistivity at 
these angles. The Yamaji angles are determined by the geometry 
of the FS; therefore, by measuring the angular positions of the 
resistivity maxima, one can construct the FS geometry. For more 
complex FS geometries, equation (1) must be numerically calcu-
lated, but the intuition still holds—at certain angles, the resistivity 
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Fig. 1 | ADMR above and below the pseudogap critical doping p* in Nd-LSCO. a, Temperature–doping phase diagram of the hole-doped cuprate Nd-LSCO 
in zero magnetic field. The pseudogap phase is highlighted in red (onset temperature T* is taken from the resistivity7,20 and ARPES22 measurements). 
The critical doping where the pseudogap phase ends is p*!=!0.23 (red diamond20). The superconducting dome is marked by a solid black line and can be 
entirely suppressed with B∥c!≥!20!T. The onset of a short-range CDW order, as detected by resonant X-ray scattering13, is indicated by the blue circles. The 
onset of an SDW order, as detected by neutron scattering, is indicated with green circles15 and green squares58. The red and blue bars correspond to the 
dopings and temperature ranges measured in this study. b, Geometry of the ADMR measurements. The sample is represented in grey with silver contacts. 
The black arrow identifies the direction of electric current J along the c axis. The angles ϕ and θ indicate the direction of magnetic field B with respect to 
the crystallographic a and c axes. c, Angle-dependent c-axis resistivity ρzz(θ) of Nd-LSCO at p!=!0.21 (<p*). All the data are taken at T!=!25!K and B!=!45!T 
as a function of θ for ϕ!=!0°, 15°, 30° and 45°, and normalized by the θ!=!0 value, ρzz(0). d, Data taken under the same conditions as c, but for Nd-LSCO at 
p!=!0.24 (>p*). Note that certain features change substantially across p*, including the peak near θ!=!40° and the ϕ dependence near θ!=!90°.
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