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tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-

(a)

(π,π)

I

II

(b)

-200 0

I

-200 0

II

Binding Energy (meV)

Tl2201-OD30 T=10 K hν=59 eV

(c)(d)

(π,π)

(0,0)

VFS=50%
VFS=63%

FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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FIG. 1. Observation of the Yamaji e!ect. a, Phase diagram of superconducting temperature

versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is

the c↑axis lattice parameter (see Methods) [12, 13, 29]. We find kcal(ε = 0→) = 0.12 ± 0.01 Å↑1

and kcal(ε = 45→) = 0.16± 0.02 Å↑1, respectively.

i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.
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The pseudogap state of high-temperature superconducting 
cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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(see Methods). Inset: Fermi-surface used for simulations.
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i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.
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The pseudogap state of high-temperature superconducting 
cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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Therefore, there is a crucial need to clarify the Fermi surface of the 
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such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
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FIG. 2. Comparison of measured angle dependent magnetoresistivity with a Boltzmann

transport model. a, Magnetoresistivity ωεc at 72 T and 85 K as a function of ϑ for ϖ = 0→, 23o

and 45o. Full underlying data is shown in Supplementary Fig. S1. b, Equivalent simulated ωεc(ϑ)

(see Methods). Inset: Fermi-surface used for simulations.
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dt exp{iεt}↑vc(t)vc(0)↔k. The time-delayed velocity

correlation ↑vc(t)vc(0)↔k, is averaged over all possible starting points k on the Fermi sur-

face [12, 13]. The resistivity ϑc is then obtained by inverting the conductivity ωc(ε) and

taking the zero-frequency limit.

The more e!ectively vc averages to zero around a cyclotron orbit, the smaller is the c-axis

conductivity, and therefore the larger is the c-axis resistivity. Such a physical picture enables
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around any given orbit for the simply warped Fermi-surface of Hg1201, (ϱ = 0→ in Fig. 1c).
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FIG. 1. Observation of the Yamaji e!ect. a, Phase diagram of superconducting temperature

versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is

the c↑axis lattice parameter (see Methods) [12, 13, 29]. We find kcal(ε = 0→) = 0.12 ± 0.01 Å↑1

and kcal(ε = 45→) = 0.16± 0.02 Å↑1, respectively.

i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.
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versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is
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i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.

K. Yamaji JPSJ 58, 1520 (1989)

arXiv:2411.10631

Nature Physics

nature physics

https://doi.org/10.1038/s41567-025-03032-2Article

Observation of the Yamaji effect in a cuprate 
superconductor
 

Mun K. Chan    1  , Katherine A. Schreiber1, Oscar E. Ayala-Valenzuela    1, 
Eric D. Bauer    2, Arkady Shekhter    1 & Neil Harrison    1

The pseudogap state of high-temperature superconducting 
cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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At the Yamaji angle, the orbits in the plane
orthogonal to B have an area which is

independent of momentum in the c direction, to
first order in the hopping along the c direction.
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FIG. 2. Comparison of measured angle dependent magnetoresistivity with a Boltzmann

transport model. a, Magnetoresistivity ωεc at 72 T and 85 K as a function of ϑ for ϖ = 0→, 23o

and 45o. Full underlying data is shown in Supplementary Fig. S1. b, Equivalent simulated ωεc(ϑ)

(see Methods). Inset: Fermi-surface used for simulations.

relation, ωc(ε) → ↑vc(ε)vc(↓ε)↔ =
↑∫
0

dt exp{iεt}↑vc(t)vc(0)↔k. The time-delayed velocity

correlation ↑vc(t)vc(0)↔k, is averaged over all possible starting points k on the Fermi sur-

face [12, 13]. The resistivity ϑc is then obtained by inverting the conductivity ωc(ε) and

taking the zero-frequency limit.

The more e!ectively vc averages to zero around a cyclotron orbit, the smaller is the c-axis

conductivity, and therefore the larger is the c-axis resistivity. Such a physical picture enables

a qualitative understanding of the results in Fig. 1. For very long relaxation times, εcϖ ↗ 1,

electrons can traverse the cyclotron orbit multiple times and the c-axis resistivity approaches

the ‘clean’ limit. In this limit, the conductivity corresponds to the average velocity of a single

complete orbit. As the scattering becomes more intense, and εcϖ decreases, the time-delayed

velocity correlation is suppressed at long times such that the magnetic field dependence of

the c-axis resistivity weakens and eventually disappears in the ‘dirty limit’, εcϖ ↘ 1

When B is aligned along the c-axis, the c-axis component of the velocity does not change

around any given orbit for the simply warped Fermi-surface of Hg1201, (ϱ = 0→ in Fig. 1c).

Hence, the conductivity is the same as that at B = 0 such that ςϑc ≃ 0 at ϱ = 0→, as

observed (Fig. 1e). A very weak magnetoresistivity for B along symmetry directions is well
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“The small size of the pockets determined from the Yamaji e!ect is . . .
approximately 1.3% of the Brillouin zone area”

FL* pocket fraction = p/8 = 1.25% !
Fluctuating AF metal fraction = p/4 = 2.5%.
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The pseudogap state of high-temperature superconducting 
cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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FIG. 1. Observation of the Yamaji e!ect. a, Phase diagram of superconducting temperature

versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is

the c↑axis lattice parameter (see Methods) [12, 13, 29]. We find kcal(ε = 0→) = 0.12 ± 0.01 Å↑1

and kcal(ε = 45→) = 0.16± 0.02 Å↑1, respectively.

i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.
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tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-
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Binding Energy (meV)

Tl2201-OD30 T=10 K hν=59 eV
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(0,0)

VFS=50%
VFS=63%

FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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Area (1 + p)/2
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M. Platé . . . A. Damascelli,
PRL 95, 077001 (2005)
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Insulating antiferromagnet
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Doping an insulating antiferromagnet with holes of density p

AF metal Luttinger area. 
Broken symmetry

<latexit sha1_base64="qkFOnwbv6K3xGDG3MWFsRxs5Y/s="></latexit>

Area p/4
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Holon metal 
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Doping an insulating antiferromagnet with holes of density p
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Area p/4
T. Senthil, S. S., M. Vojta, PRL 90, 216403 (2003);   

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75,  235122 (2007);  
R. K. Kaul, Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008) 

<latexit sha1_base64="Sj6QyT/DElF+SexA5gcJM7aMQl4="></latexit>

Oshikawa anomaly is satisfied

by sum of spin liquid (1) and

Fermi surface anomalies (p)
<latexit sha1_base64="DxOLQM6R2lk5sI39RNnTbycm8Nk="></latexit>

Spin liquid
with density
p of spinless,
charge +e
‘holons’.

No coherent
inter-layer

transport, so
no Yamaji
e↵ect.
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<latexit sha1_base64="Sj6QyT/DElF+SexA5gcJM7aMQl4="></latexit>

Oshikawa anomaly is satisfied

by sum of spin liquid (1) and

Fermi surface anomalies (p)
<latexit sha1_base64="DxOLQM6R2lk5sI39RNnTbycm8Nk="></latexit>

Spin liquid
with density
p of spinless,
charge +e
‘holons’.

No coherent
inter-layer

transport, so
no Yamaji
e↵ect.



= (|"#i � |#"i) /
p
2

Holon metal 

<latexit sha1_base64="xkFr0GtJK09blGK5cQ6+sHvTfxc="></latexit>

Doping an insulating antiferromagnet with holes of density p

<latexit sha1_base64="qkFOnwbv6K3xGDG3MWFsRxs5Y/s="></latexit>

Area p/4
T. Senthil, S. S., M. Vojta, PRL 90, 216403 (2003);   

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75,  235122 (2007);  
R. K. Kaul, Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008) 
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Holon metal 
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Holon metal 
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Area p/4
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Holon metal 
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Fermi surface anomalies (p)
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Also has
charge 0,
spin-1/2
‘spinons’

<latexit sha1_base64="kHfODUAK7doOCM/RjJ5OsU5pI+g="></latexit>

Energy
cost → J
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Holon metal 
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Holon metal 
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FL*

<latexit sha1_base64="xkFr0GtJK09blGK5cQ6+sHvTfxc="></latexit>

Doping an insulating antiferromagnet with holes of density p

<latexit sha1_base64="q00wo1Rpr955orrCD/xnoH2Rb98="></latexit>

Area p/8
T. Senthil, S. S., M. Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75,  235122 (2007) 

M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

<latexit sha1_base64="Sj6QyT/DElF+SexA5gcJM7aMQl4="></latexit>

Oshikawa anomaly is satisfied

by sum of spin liquid (1) and

Fermi surface anomalies (p)
<latexit sha1_base64="ue5oaDO/RR8qaszsRPs4ib1PViU="></latexit>

Metal with
density p of
spin-1/2,
charge +e
‘holes’ (or
‘magnetic
polarons’)

and
charge 0,
spin-1/2
‘spinons’

<latexit sha1_base64="Yoe1K6Z6s8uYtRW225URSC6PRto="></latexit>

Energy
gain → t
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T. Senthil, S. S., M. Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75,  235122 (2007) 
M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

FL*
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Doping an insulating antiferromagnet with holes of density p
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Metal with
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and
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Doping an insulating antiferromagnet with holes of density p

T. Senthil, S. S., M. Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75,  235122 (2007) 
M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 
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Doping an insulating antiferromagnet with holes of density p

T. Senthil, S. S., M. Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75,  235122 (2007) 
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We study the effects of a small density of holes, !, on a square-lattice antiferromagnet undergoing a
continuous transition from a Néel state to a valence bond solid at a deconfined quantum critical point. We argue
that at nonzero !, it is likely that the critical point broadens into a non-Fermi-liquid “holon-metal” phase with
fractionalized excitations. The holon-metal phase is flanked on both sides by Fermi-liquid states with Fermi
surfaces enclosing the usual Luttinger area. The electronic quasiparticles carry distinct quantum numbers in the
two Fermi-liquid phases, and consequently we find that the ratio lim!→0AF /! !where AF is the area of a single
hole pocket" has a factor of 2 discontinuity across the quantum critical point of the insulator. Note, however,
that at !"0, there is no direct transition between these two Fermi-liquid states with distinct Fermi surface
configurations; instead, there is an intermediate holon-metal phase whose width shrinks to zero as !→0. We
demonstrate that the electronic spectrum at the !→0 transition is described by the “boundary” critical theory
of an impurity coupled to a !2+1"-dimensional conformal field theory. We compute the finite temperature
quantum critical electronic spectra and show that they resemble “Fermi arc” spectra seen in recent photoemis-
sion experiments on the pseudogap phase of the cuprates.
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I. INTRODUCTION

There was a great deal of work on the dynamics of a
single hole in a square-lattice antiferromagnet soon after the
discovery of high-temperature superconductivity in the cu-
prate compounds. It was demonstrated1–8 that a single hole
moving in a Néel ground state has a finite quasiparticle resi-
due, Z; so a small density of holes, !, are expected to form a
Fermi liquid. This Fermi-liquid state with Néel order will be
the starting point of our analysis. Also, Shraiman and
Siggia9,10 introduced a current-current coupling between the
hole and the antiferromagnet, which implied that a large spin
S Néel state is unstable for certain parameter ranges to spiral
spin ordering; we shall not be interested in this metallic spi-
ral state here, although the Shraiman-Siggia coupling #in Eq.
!2.12" below$ will play a key role in our analysis.

We begin with a S=1/2 Néel state of an insulating anti-
ferromagnet and imagine “turning up quantum fluctuations”
by adding further neighbor or ring-exchange couplings so
that there is a transition to a paramagnetic state in which spin
rotation invariance is restored. Now add a small density of
holes to this antiferromagnet. The main question we shall
address is what is the fate of the Fermi-liquid Néel state
across such a transition.

Specifically, we consider the “deconfined” quantum phase
transition proposed in Ref. 11 for an insulating S=1/2
square-lattice antiferromagnet.12–15 This is a theory for a
transition between a Néel state and a spin-gap state with
valence bond solid !VBS" order !the latter state is spin rota-
tion invariant, but breaks lattice symmetries by ordering of
valence bonds". These two states break distinct symmetries
of the Hamiltonian, and so cannot generically have a con-
tinuous transition between them in the Landau-Ginzburg-
Wilson theory of phase transitions. However, such a transi-

tion is found in a deconfined theory focusing not on order
parameters but on fractionalized excitations and emergent
gauge forces. The transition is tuned by the coupling s
!which represents the strength of frustrating exchange inter-
actions" !see Fig. 1". Upon doping, we will argue that the
most likely possibility is that the insulating deconfined criti-

δ

s

sc

P

0

Neel

VBS

Holon metal

FIG. 1. !Color online" Schematic phase diagram. The ellipses
represent spin-singlet valence bonds. The coupling s tunes the in-
sulator across the Néel-VBS transition, and ! is the mobile hole
density. The deconfined quantum critical point is at s=sc in the
insulator with !=0. The vacancies !“holons”" carry a gauge charge
q= ±1 under an emergent U!1" gauge force. In the cartoons above,
the reader can interpret q as a sublattice label. In the s#sc Néel
phase, q determines the spin: a vacancy on an up !down" spin site
carries net spin down !up" and so is equivalent to a charge e, spin-
1 /2 hole. For s"sc, the hole is a composite of a vacancy and a
nearby unpaired spin with opposite q, moving by rearranging
nearest-neighbor valence bonds; note that this motion preserves
spin and sublattice quantum numbers separately !see also Ref. 16".
So there are twice as many states per momentum for a charge e,
spin-1 /2 hole in the VBS state than there are in the Néel state.

PHYSICAL REVIEW B 75, 235122 !2007"

1098-0121/2007/75!23"/235122!17" ©2007 The American Physical Society235122-1

cal point gets broadened into a non-Fermi-liquid “holon-
metal” phase, with no Fermi surface !shown shaded in Fig.
1". The qualitative distinction between the Néel and VBS
states also survives in the Fermi-liquid states at !"0 !shown
unshaded in Fig. 1": we will show that a characteristic prop-
erty !specified shortly" of the Fermi surface has a disconti-
nuity in the limit !→0 as s is scanned across the s=sc criti-
cal point of the insulator. We also compute finite temperature
electronic spectra in the vicinity of the transition and find
that they resemble “Fermi arc” spectra seen in recent photo-
emission experiments on the pseudogap phase of the
cuprates.17

There have been other discussions in the literature18–20 of
transitions between Fermi liquids, including proposals that
there could be a continuous quantum transition with a dis-
continuous change in the shape of the Fermi surface !recent
experiments21 on CeRhIn5 are compatible with an abrupt or
very rapid change in Fermi surface topology". This would
require a sudden change in the Fermi surface as a function of
s at a fixed nonzero value of !. We will argue that such a
change is unlikely in our models, and the situation is as
illustrated in Fig. 1, with an intermediate non-Fermi-liquid
phase.

By an extension of arguments in early work,22–27 it is
expected that a significant portion of the phase diagram in
Fig. 1 is unstable at low temperatures to superconductivity.
We defer consideration of such superconducting states to fu-
ture work, and limit ourselves here to the normal states.

We now turn to a more detailed summary of our results.
First, we discuss our results in the unshaded regions of Fig.
1. In these regions, we are adding a small density of mobile
carriers to conventionally ordered insulators, and we obtain
Fermi-liquid phases with electronlike quasiparticles with a
nonzero quasiparticle residue, i.e., Z!0. Non-Fermi-liquid
physics appears only in the shaded region.

In the s#sc Néel phase, we obtain a Fermi-liquid state1–8

with four hole pockets centered at the K! p= !$ /2a"!±1, ±1",
where a is the lattice spacing, shown in Fig. 2. However,
because of the halving of the Brillouin zone by magnetic
order, only two of these pockets are distinct. After account-
ing for the twofold spin degeneracy, we conclude that the
area enclosed by each pocket is AF= !2$"2! /4. Another way
of understanding this halving of the Brillouin zone !which is
also indicated in the caption of Fig. 1 and discussed further
in Sec. III" is as follows. We can consider the doped hole as
a vacancy in the background of a Néel state. If this hole is to
move without leaving a string of broken bonds,1 it must pre-
serve its sublattice label. However, because of the broken
symmetry associated with the Néel order, the sublattice loca-
tion is not independent of the spin of the vacancy, and two
labels are really the same quantum number.

Next, we discuss a small density of holes in the s"sc
VBS state. As we will demonstrate in Sec. IV, in this state
the four hole pockets are no longer pinned at the K! p, but
instead move a distance % away, as indicated in Fig. 2. This
shift arises from the Shraiman-Siggia9 coupling. The value of
% is determined by s−sc, but is independent of ! to lowest
order in !. Consequently, for sufficiently small !, the hole
pockets do not intersect the reduced Brillouin zone bound-

aries, associated with the appearance of VBS order. The four
hole pockets therefore all contain distinct quasiparticles
states, and after accounting for the twofold spin degeneracy,
we now conclude that the area enclosed by each pocket is
AF= !2$"2! /8. As above, another interpretation of this result
is indicated in Fig. 1, and will be described in more detail in
Sec. IV: the hole motion in the VBS state also preserves its
sublattice index, but now the sublattice and spin labels are
distinct quantum numbers. We also note here that the Fermi
surface configuration of the VBS state in Fig. 2 differs
strongly from that found in a strongly dimerized state28 in
which the Fermi surfaces are near the !$ /2 ,$" point; the
present Fermi surfaces inherit many of their properties from
their proximity to the deconfined quantum critical point.

We can summarize the above statements into one of the
main zero temperature results of this paper:

# lim
!→0

AF

!
#

s#sc

= 2 & # lim
!→0

AF

!
#

s"sc

. !1.1"

Note that on both sides of the equation, we are taking the
limit !→0 at fixed s. Thus, although a characteristic feature
of the Fermi surface !the ratio AF /!" changes discontinu-
ously as s crosses sc, the Fermi surface itself is of vanish-
ingly small size. The result in Eq. !1.1" does not constitute a
discontinuous change in the Fermi surface in the sense of
other proposals.18–20 Instead, at any fixed !"0, we argue
below that there is an intermediate non-Fermi-liquid phase of
finite width between the two Fermi-liquid states, as was
shown in Fig. 2.

We note in passing that the Fermi-liquid states of Fig. 2
differ in their Fermi surface topology from the “large Fermi
surface” state expected at large !. The physics as !→0, in
the vicinity of the Mott insulator near a deconfined quantum
critical point, is quite distinct from that of a weak-coupling
Fermi liquid, and so a large Fermi surface state is not ex-

λ

Neel VBS

FIG. 2. !Color online" Momentum space Fermi surfaces in the
Néel and VBS regions of Fig. 1. The filled circles are the four K! p

wave vectors, with K! 1= !$ /2a"!1,1", K! 2= !$ /2a"!1,−1", K! 3=−K! 1,
and K! 4=−K! 2, with a the lattice spacing. The dashed line in the Néel
phase indicates the boundary of the magnetic Brillouin zone. Only
the Fermi surfaces within this zone contribute to the Luttinger
counting, and so the area of each ellipse is AF= !2$"2! /4. In the
VBS phase, all four pockets are inequivalent, and so the area of
each ellipse is AF= !2$"2! /8. The dashed lines now show the re-
duction of the Brillouin zone due to the VBS order which appears at
sufficiently low temperatures; “shadow” Fermi surfaces, with weak
photoemission intensity !estimated in the text", will appear as re-
flections across these lines, and these Fermi surfaces are not shown.
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cal point gets broadened into a non-Fermi-liquid “holon-
metal” phase, with no Fermi surface !shown shaded in Fig.
1". The qualitative distinction between the Néel and VBS
states also survives in the Fermi-liquid states at !"0 !shown
unshaded in Fig. 1": we will show that a characteristic prop-
erty !specified shortly" of the Fermi surface has a disconti-
nuity in the limit !→0 as s is scanned across the s=sc criti-
cal point of the insulator. We also compute finite temperature
electronic spectra in the vicinity of the transition and find
that they resemble “Fermi arc” spectra seen in recent photo-
emission experiments on the pseudogap phase of the
cuprates.17

There have been other discussions in the literature18–20 of
transitions between Fermi liquids, including proposals that
there could be a continuous quantum transition with a dis-
continuous change in the shape of the Fermi surface !recent
experiments21 on CeRhIn5 are compatible with an abrupt or
very rapid change in Fermi surface topology". This would
require a sudden change in the Fermi surface as a function of
s at a fixed nonzero value of !. We will argue that such a
change is unlikely in our models, and the situation is as
illustrated in Fig. 1, with an intermediate non-Fermi-liquid
phase.

By an extension of arguments in early work,22–27 it is
expected that a significant portion of the phase diagram in
Fig. 1 is unstable at low temperatures to superconductivity.
We defer consideration of such superconducting states to fu-
ture work, and limit ourselves here to the normal states.

We now turn to a more detailed summary of our results.
First, we discuss our results in the unshaded regions of Fig.
1. In these regions, we are adding a small density of mobile
carriers to conventionally ordered insulators, and we obtain
Fermi-liquid phases with electronlike quasiparticles with a
nonzero quasiparticle residue, i.e., Z!0. Non-Fermi-liquid
physics appears only in the shaded region.

In the s#sc Néel phase, we obtain a Fermi-liquid state1–8

with four hole pockets centered at the K! p= !$ /2a"!±1, ±1",
where a is the lattice spacing, shown in Fig. 2. However,
because of the halving of the Brillouin zone by magnetic
order, only two of these pockets are distinct. After account-
ing for the twofold spin degeneracy, we conclude that the
area enclosed by each pocket is AF= !2$"2! /4. Another way
of understanding this halving of the Brillouin zone !which is
also indicated in the caption of Fig. 1 and discussed further
in Sec. III" is as follows. We can consider the doped hole as
a vacancy in the background of a Néel state. If this hole is to
move without leaving a string of broken bonds,1 it must pre-
serve its sublattice label. However, because of the broken
symmetry associated with the Néel order, the sublattice loca-
tion is not independent of the spin of the vacancy, and two
labels are really the same quantum number.

Next, we discuss a small density of holes in the s"sc
VBS state. As we will demonstrate in Sec. IV, in this state
the four hole pockets are no longer pinned at the K! p, but
instead move a distance % away, as indicated in Fig. 2. This
shift arises from the Shraiman-Siggia9 coupling. The value of
% is determined by s−sc, but is independent of ! to lowest
order in !. Consequently, for sufficiently small !, the hole
pockets do not intersect the reduced Brillouin zone bound-
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hole pockets therefore all contain distinct quasiparticles
states, and after accounting for the twofold spin degeneracy,
we now conclude that the area enclosed by each pocket is
AF= !2$"2! /8. As above, another interpretation of this result
is indicated in Fig. 1, and will be described in more detail in
Sec. IV: the hole motion in the VBS state also preserves its
sublattice index, but now the sublattice and spin labels are
distinct quantum numbers. We also note here that the Fermi
surface configuration of the VBS state in Fig. 2 differs
strongly from that found in a strongly dimerized state28 in
which the Fermi surfaces are near the !$ /2 ,$" point; the
present Fermi surfaces inherit many of their properties from
their proximity to the deconfined quantum critical point.

We can summarize the above statements into one of the
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Note that on both sides of the equation, we are taking the
limit !→0 at fixed s. Thus, although a characteristic feature
of the Fermi surface !the ratio AF /!" changes discontinu-
ously as s crosses sc, the Fermi surface itself is of vanish-
ingly small size. The result in Eq. !1.1" does not constitute a
discontinuous change in the Fermi surface in the sense of
other proposals.18–20 Instead, at any fixed !"0, we argue
below that there is an intermediate non-Fermi-liquid phase of
finite width between the two Fermi-liquid states, as was
shown in Fig. 2.

We note in passing that the Fermi-liquid states of Fig. 2
differ in their Fermi surface topology from the “large Fermi
surface” state expected at large !. The physics as !→0, in
the vicinity of the Mott insulator near a deconfined quantum
critical point, is quite distinct from that of a weak-coupling
Fermi liquid, and so a large Fermi surface state is not ex-
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FIG. 2. !Color online" Momentum space Fermi surfaces in the
Néel and VBS regions of Fig. 1. The filled circles are the four K! p

wave vectors, with K! 1= !$ /2a"!1,1", K! 2= !$ /2a"!1,−1", K! 3=−K! 1,
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FIG. 2. Comparison of measured angle dependent magnetoresistivity with a Boltzmann

transport model. a, Magnetoresistivity ωεc at 72 T and 85 K as a function of ϑ for ϖ = 0→, 23o

and 45o. Full underlying data is shown in Supplementary Fig. S1. b, Equivalent simulated ωεc(ϑ)

(see Methods). Inset: Fermi-surface used for simulations.

relation, ωc(ε) → ↑vc(ε)vc(↓ε)↔ =
↑∫
0

dt exp{iεt}↑vc(t)vc(0)↔k. The time-delayed velocity

correlation ↑vc(t)vc(0)↔k, is averaged over all possible starting points k on the Fermi sur-

face [12, 13]. The resistivity ϑc is then obtained by inverting the conductivity ωc(ε) and

taking the zero-frequency limit.

The more e!ectively vc averages to zero around a cyclotron orbit, the smaller is the c-axis

conductivity, and therefore the larger is the c-axis resistivity. Such a physical picture enables

a qualitative understanding of the results in Fig. 1. For very long relaxation times, εcϖ ↗ 1,

electrons can traverse the cyclotron orbit multiple times and the c-axis resistivity approaches

the ‘clean’ limit. In this limit, the conductivity corresponds to the average velocity of a single

complete orbit. As the scattering becomes more intense, and εcϖ decreases, the time-delayed

velocity correlation is suppressed at long times such that the magnetic field dependence of

the c-axis resistivity weakens and eventually disappears in the ‘dirty limit’, εcϖ ↘ 1

When B is aligned along the c-axis, the c-axis component of the velocity does not change

around any given orbit for the simply warped Fermi-surface of Hg1201, (ϱ = 0→ in Fig. 1c).

Hence, the conductivity is the same as that at B = 0 such that ςϑc ≃ 0 at ϱ = 0→, as

observed (Fig. 1e). A very weak magnetoresistivity for B along symmetry directions is well
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The pseudogap state of high-temperature superconducting 
cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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FIG. 1. Observation of the Yamaji e!ect. a, Phase diagram of superconducting temperature

versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is

the c↑axis lattice parameter (see Methods) [12, 13, 29]. We find kcal(ε = 0→) = 0.12 ± 0.01 Å↑1

and kcal(ε = 45→) = 0.16± 0.02 Å↑1, respectively.

i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.
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FIG. 2. Comparison of measured angle dependent magnetoresistivity with a Boltzmann

transport model. a, Magnetoresistivity ωεc at 72 T and 85 K as a function of ϑ for ϖ = 0→, 23o

and 45o. Full underlying data is shown in Supplementary Fig. S1. b, Equivalent simulated ωεc(ϑ)

(see Methods). Inset: Fermi-surface used for simulations.

relation, ωc(ε) → ↑vc(ε)vc(↓ε)↔ =
↑∫
0

dt exp{iεt}↑vc(t)vc(0)↔k. The time-delayed velocity

correlation ↑vc(t)vc(0)↔k, is averaged over all possible starting points k on the Fermi sur-

face [12, 13]. The resistivity ϑc is then obtained by inverting the conductivity ωc(ε) and

taking the zero-frequency limit.

The more e!ectively vc averages to zero around a cyclotron orbit, the smaller is the c-axis

conductivity, and therefore the larger is the c-axis resistivity. Such a physical picture enables

a qualitative understanding of the results in Fig. 1. For very long relaxation times, εcϖ ↗ 1,

electrons can traverse the cyclotron orbit multiple times and the c-axis resistivity approaches

the ‘clean’ limit. In this limit, the conductivity corresponds to the average velocity of a single

complete orbit. As the scattering becomes more intense, and εcϖ decreases, the time-delayed

velocity correlation is suppressed at long times such that the magnetic field dependence of

the c-axis resistivity weakens and eventually disappears in the ‘dirty limit’, εcϖ ↘ 1

When B is aligned along the c-axis, the c-axis component of the velocity does not change

around any given orbit for the simply warped Fermi-surface of Hg1201, (ϱ = 0→ in Fig. 1c).

Hence, the conductivity is the same as that at B = 0 such that ςϑc ≃ 0 at ϱ = 0→, as

observed (Fig. 1e). A very weak magnetoresistivity for B along symmetry directions is well
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ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
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The pseudogap state of high-temperature superconducting 
cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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FIG. 1. Observation of the Yamaji e!ect. a, Phase diagram of superconducting temperature

versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is

the c↑axis lattice parameter (see Methods) [12, 13, 29]. We find kcal(ε = 0→) = 0.12 ± 0.01 Å↑1

and kcal(ε = 45→) = 0.16± 0.02 Å↑1, respectively.

i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.

(p/8 also in YRZ ansatz, Peter Johnson photoemission, 
and Jenny Hoffman and Seamus Davis STMs;  Stanescu-Kotliar)

Jing-Yu Zhao, S. Chatterjee, S. S., 
 and Ya-Hui Zhang, arXiv:2510.13943
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and 45o. Full underlying data is shown in Supplementary Fig. S1. b, Equivalent simulated ωεc(ϑ)

(see Methods). Inset: Fermi-surface used for simulations.

relation, ωc(ε) → ↑vc(ε)vc(↓ε)↔ =
↑∫
0

dt exp{iεt}↑vc(t)vc(0)↔k. The time-delayed velocity

correlation ↑vc(t)vc(0)↔k, is averaged over all possible starting points k on the Fermi sur-

face [12, 13]. The resistivity ϑc is then obtained by inverting the conductivity ωc(ε) and

taking the zero-frequency limit.

The more e!ectively vc averages to zero around a cyclotron orbit, the smaller is the c-axis

conductivity, and therefore the larger is the c-axis resistivity. Such a physical picture enables

a qualitative understanding of the results in Fig. 1. For very long relaxation times, εcϖ ↗ 1,

electrons can traverse the cyclotron orbit multiple times and the c-axis resistivity approaches

the ‘clean’ limit. In this limit, the conductivity corresponds to the average velocity of a single

complete orbit. As the scattering becomes more intense, and εcϖ decreases, the time-delayed

velocity correlation is suppressed at long times such that the magnetic field dependence of

the c-axis resistivity weakens and eventually disappears in the ‘dirty limit’, εcϖ ↘ 1

When B is aligned along the c-axis, the c-axis component of the velocity does not change

around any given orbit for the simply warped Fermi-surface of Hg1201, (ϱ = 0→ in Fig. 1c).

Hence, the conductivity is the same as that at B = 0 such that ςϑc ≃ 0 at ϱ = 0→, as

observed (Fig. 1e). A very weak magnetoresistivity for B along symmetry directions is well

(p/8 also in Peter Johnson photoemission, 
and Jenny Hoffman and Seamus Davis STMs;  Stanescu-Kotliar)
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versus doping of Hg1201 [28]. Red dot marks the focus of this work. b, Schematic of the polar (ω)

and azimuthal (ε) angles. a, b and c are crystallographic directions. c, Schematic example orbit

on a quasi-2D Fermi-surface for B→c. Arrows indicate the instantaneous velocity on the orbit.

The c-axis component of the velocity, vc, does not change on the orbit. d, Schematic of example

orbit for ω = ωYamaji. vc oscillates around the orbit and averages to zero. e, Polar magnetic field

orientation-dependent curves of the magnetoresistivity ϑϖc at three di!erent fields, and at 85 K

and ε = 0→. The arrow highlights the Yamaji peak, which disappears into the background at

lower B due to the lower ϱcς . f, The same for two di!erent temperatures. The peak is more

pronounced at lower temperature due to a higher ϱcς . To emphasize the Yamaji peak and to avoid

the e!ect of superconductivity at lower temperature, we plot the di!erence ϖc(72 T) ↑ ϖc(50 T).

g, Azimuthal angle-dependence of the Yamaji peak at ε = 0→ and 45→. The inset schematically

shows the relationship between caliper radius kcal(ε) and ε for an elliptical pocket. The caliper

radius is determined directly from the Yamaji angle by kcal(ε) = 3φ/4c tan[ωYamaji(ε)] where c is

the c↑axis lattice parameter (see Methods) [12, 13, 29]. We find kcal(ε = 0→) = 0.12 ± 0.01 Å↑1

and kcal(ε = 45→) = 0.16± 0.02 Å↑1, respectively.

i.e. a significant fraction of electrons must complete a cyclotron orbit without scattering.
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“The small size of the pockets determined from the Yamaji e!ect is . . .
approximately 1.3% of the Brillouin zone area”

FL* pocket fraction = p/8 = 1.25% !
Fluctuating AF metal fraction = p/4 = 2.5%.
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The pseudogap state of high-temperature superconducting 
cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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cuprates, known for its partial gapping of the Fermi surface above the 
superconducting transition temperature, is believed to hold the key to 
understanding the origin of Planckian relaxation and quantum criticality. 
However, the nature of the Fermi surface in the pseudogap state has 
remained a fundamental open question. Here we report the observation of 
the Yamaji e!ect, which appears as a peak in the c-axis resistivity at a speci"c 
angle of the applied magnetic "eld, in angle-dependent magnetoresistivity 
measurements above the critical temperature in the cuprate HgBa2CuO4+δ. 
The observation of the Yamaji peak is evidence for small Fermi-surface 
pockets in the normal state of the pseudogap phase. The small size of the 
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not 
expected given the absence of long-range broken translational symmetry.

Although evidence for symmetry breaking has been found in the 
pseudogap phase1–6, its connection to quantum criticality has not 
yet been established. For such symmetry breaking to be relevant 
for quantum criticality, it must also have a direct effect on the Fermi 
surface7,8. Indeed, Fermi-surface reconstruction has been explored 
extensively in the cuprates through magnetic quantum oscillations and 
angle-dependent magnetoresistivity measurements7–9. Such measure-
ments have revealed a magnetic-field-induced charge-density wave 
phase10 that exists at temperatures well below the superconducting 
transition temperature, Tc (refs. 11,12), and an antiferromagnetic phase 
present at very low hole dopings13. Because these phases are restricted 
to narrow low-temperature or low-doping regimes, they are not indica-
tive of the broader underdoped region and high temperatures spanned 
by the pseudogap, depicted in Fig. 1a.

In the pseudogap state at temperatures above Tc, the conspicuous 
observation of anomalous Fermi arcs in photoemission experiments 
that do not seem to form closed pockets14,15 has inspired suggestions 
of an unconventional Fermi surface16–18 or even the total absence 
thereof15,19,20. Recent work on La2−y−xNdySrxCuO4 (Nd-LSCO) (ref. 21) 
found a change in the angle-dependent magnetoresistivity across 
the putative pseudogap critical doping, which was reported to be 
consistent with a transformation from large to small Fermi surfaces. 
However, it has also been argued22 that this change could be consistent 

with a Lifshitz transition resulting from crossing of a van Hove singu-
larity, which does not drastically change the size of the Fermi surface. 
Therefore, there is a crucial need to clarify the Fermi surface of the 
pseudogap state.

One way to do this in quasi-two-dimensional (layered) metals, 
such as the cuprates, is through observation of the Yamaji effect, which 
describes the phenomena when all quasiparticle orbits on the Fermi 
surface become degenerate at particular orientations of the magnetic 
field. The signature of the Yamaji effect in angle-dependent magne-
toresistivity is a peak in the interlayer, or c-axis, resistivity, ρc, when the 
orientation of the magnetic field is tilted away from the c axis23–25. One 
of the criteria for the observation of a Yamaji peak, similar to magnetic 
quantum oscillations, is that the product of the cyclotron frequency, 
ωc, and the transport relaxation time, τ, must be at least of the order 
of unity, ωcτ ≳ 1: that is, a non-negligible fraction of electrons must 
complete a cyclotron orbit without scattering. The cyclotron frequency 
is given by ωc = eB/m⋆, where B is the magnetic field, m* is the quasipar-
ticle effective cyclotron mass and e is the electric charge. Therefore, 
similar to quantum oscillations, the observation of the Yamaji effect is 
evidence for a Fermi-surface pocket23–25. Unlike quantum oscillations, 
which can be observed only at low temperatures when cyclotron orbits 
are quantized26, the Yamaji effect does not require orbital quantization. 
In this respect, the Yamaji effect is much better suited for Fermi-surface 
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Fermi surface anomalies (p)
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1. Dope spin liquid with holes, not holons.
The Ancilla Layer Model (ALM) enables a theory of FL* with hole pockets

and a general spin liquid.

2. Hole pockets are obtained by hybridizing the large Fermi surface of 1 → p
electrons c with the Fermi surface of 1 ancilla fermion f1. The hybridization
! also determines the electronic gap near (ω, 0)
(similar to electrons in Weinberg-Salam theory).

3. Building on recent numerical evidence, we choose the ω-flux spin liquid with

fermionic spinons f coupled to an emergent SU(2) gauge field U
(similar to neutrinos in Weinberg-Salam theory).

4. Couple hole pockets coupled to critical spin liquid by a charge e, SU(2)

fundamental Higgs field B
(similar to Yukawa coupling of Higgs field in Weinberg-Salam theory).
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FIG. 1. Total amplitudes ξ = (|t |2 + |"|2)1/2 from plain mean
field [Eq. (2)] for the Z2Azz13 and Z2Bzz13 states on the square lat-
tice with J2/J1 = 0.55. Also shown is the amplitude of the imaginary
second-neighbor idxy pairing which appears on top of the Z2Azz13
state. Note that the plain mean-field amplitudes are defined as a
function of temperature instead of #. Inset: Illustration of both states
where red lines (blue dots) denote negative hoppings (pairings) while
otherwise the amplitudes are positive.

J1-J2 square lattice Heisenberg model. We first present
results for the J1-J2 Heisenberg model on the 2D square
lattice with antiferromagnetic J1, J2 > 0. In a regime around
J2/J1 = 0.55, most numerical methods (including PFFRG
[23]) predict a nonmagnetic ground state [61–66] represent-
ing a promising quantum spin-liquid candidate due to small
valence-bond dimer susceptibilities [23].

To illustrate our combined PFFRG plus mean-field proce-
dure and to benchmark with previous studies we first discuss
the results of a plain mean-field treatment using Eq. (2)
with bare couplings Ji j and no renormalized self-energy $#

inserted. We set J2/J1 = 0.55 and proceed successively by
starting with nearest-neighbor amplitudes t1,"1 and then
add second-neighbor terms t2,"2. On the nearest-neighbor
level, the two PSGs labeled Z2Azz13 and Z2Bzz13 (see
Ref. [26]) already cover all possible hopping/pairing terms
(which can always be chosen real). The Z2Azz13 state has
isotropic hopping t1 and dx2−y2 pairing "1 while Z2Bzz13
exhibits staggered hopping t1 and pairing "1 (see the inset of
Fig. 1 for illustrations). Our plain mean-field results in Fig. 1
indicate that below T ≈ 0.19J1 the state Z2Azz13 acquires
the largest amplitudes and, hence, appears to be preferred.
Furthermore, we find equal hopping and pairing t1 = "1 for
this state, in which case it can be shown that Z2Azz13 actually
becomes gauge equivalent to the well-known SU(2) π -flux
state (denoted SU2Bn0 in Ref. [26]) with π flux through every
elementary square plaquette.

Next, we consider second-neighbor terms on top of the
preferred π -flux state. The only symmetry-allowed ampli-
tudes are real isotropic or real dxy hoppings t2. Interestingly,
neither of the two become finite in this approach. In fact,
the only finite (albeit small) second-neighbor term we find
is an imaginary idxy pairing "2 which breaks time-reversal
invariance, hence, signaling a chiral spin liquid (see the green
line in Fig. 1). Most importantly, this chiral state agrees with
the one identified in the mean-field treatment of Ref. [26],
confirming the correctness of our considerations. The band
structure is shown in Fig. S2 [67].

FIG. 2. Total amplitudes ξ = (|t |2 + |"|2)1/2 from full PFFRG
plus mean field [Eq. (3)] for the Z2Azz13 and Z2Bzz13 states on the
square lattice with J2/J1 = 0.55. The inset shows ξ for both states at
small # → 0 within a wider range of J2/J1.

We now repeat this analysis for the full PFFRG plus mean-
field approach. Our results for the nearest-neighbor ampli-
tudes of the Z2Azz13 and Z2Bzz13 states are shown in Fig. 2.
Interestingly, the overall result remains rather unchanged,
particularly, we again find the Z2Azz13 state to be preferred.
As before, the nearest-neighbor amplitudes are identical
(t1 = "1) which suggests a SU(2) π -flux state. Considering
longer-range terms, we do not detect any of the aforemen-
tioned second-neighbor amplitudes, not even the chiral idxy
term. Hence, we conclude that the previous detection of a
chiral spin liquid was an artifact of the plain mean-field
treatment. As shown in Fig. 3, the SU(2) π -flux state which
we propose for this system features four gapless spinon Dirac
cones with nodal Fermi points at k = (±π

2 ,±π
2 ). We also

calculated the amplitude ξ of both states within an extended
region of J2/J1 and find that Z2Azz13 remains stable through-
out the magnetically disordered regime (which ranges approx-
imately from J2/J1 = 0.4 to 0.6). Particularly, deep within
the Néel (collinear) ordered phase at J2 ! 0.4J1 (J2 " 0.6J1)
the amplitudes ξ are seen to vanish, confirming a direct
connection to strong quantum fluctuations [71].

FIG. 3. Spinon bands from PFFRG plus Fock mean-field in the
limit # → 0 for (a) the Z2Azz13 state of the square lattice Heisen-
berg antiferromagnet and (b) the Z2[0, π ]α state of the kagome
Heisenberg antiferromagnet. In (b), only the negative part of the
spectrum is shown while the positive part is the exact particle-hole
transformed counterpart. The gray region is the first Brillouin zone
with the Fermi surface indicated by black rings (the nearest-neighbor
lattice constant is always set to one).

100405-3
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Low energy: SU(2) gauge theory with Nf = 2
massless Dirac spinons in 2+1 D.

(QCD is a SU(3) gauge theory with Nf = 3
massless Dirac quarks in 3+1 D.)
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• To create the electron operator from the spinon !, we have to fuse it with a
charge e, gauge SU(2) fundamental, spinless boson Bi = (B1i, B2,i), whose
symmetries follow from those of !.
This yields the quadratic and quartic energy functionals E2[B,U ] + E4[B,U ]
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and its transition to  

d-wave superconductivity
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Hole pockets and spin liquid.

If the spin liquid is stable at T = 0,

hole pockets remain intact

despite Yukawa coupling to spin liquid.
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• Born-Oppenheimer theory of thermal fluctuations:
Classical thermal ensemble of E2[B,U ] + E4[B,U ] at a temperature T > Tc.
Diagonalize Hamiltonian for electrons and spinons for each realization of B, U .
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• Born-Oppenheimer theory of thermal fluctuations:
Classical thermal ensemble of E2[B,U ] + E4[B,U ] at a temperature T > Tc.
Diagonalize Hamiltonian for electrons and spinons for each realization of B, U .



<latexit sha1_base64="Tu7WcdOGIEc0CfOKya1Ehwp7IMo="></latexit>

Born-Oppenheimer: Classical, thermal B,U and quantum fermions

VHiggs chosen so that the ground state is a d-wave superconductor,

and second best state is a period-4 stripe.
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T = 0 phase diagram

Minimize VHiggs w.r.t.
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B1

B2
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Set Uij = 1.
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• Born-Oppenheimer theory of thermal fluctuations:

Classical thermal ensemble of E2[B,U ] + E4[B,U ] at a temperature T → 0.
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• Born-Oppenheimer theory of thermal fluctuations:

Classical thermal ensemble of E2[B,U ] + E4[B,U ] at a temperature T ↭ TKT .
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Doping an insulating antiferromagnet with holes of density p
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The d-wave superconductor
is obtained by confining the
SU(2) gauge field, and this
exploits the pre-existing pair-
ing in the blue dimers. Such
a state is smoothly connected
to the BCS d-wave super-
conductor.

Applying BCS pairing to
the hole pockets (green dimers)
yields a distinct SC* state,
which is not smoothly con-
nected to the BCS d-wave
state.
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The cuprate phase diagram



tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-

(a)

(π,π)

I

II

(b)

-200 0

I

-200 0

II

Binding Energy (meV)

Tl2201-OD30 T=10 K hν=59 eV

(c)(d)

(π,π)

(0,0)

VFS=50%
VFS=63%

FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
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for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-
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FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-
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FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-
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FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-
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FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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