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High magnetic fields have revealed a surprisingly small Fermi
surface in underdoped cuprates, possibly resulting from Fermi-
surface reconstruction due to an order parameter that breaks
translational symmetry of the crystal lattice. A crucial issue
concerns the doping extent of such a state and its relation-
ship to the principal pseudogap and superconducting phases.
We employ pulsed magnetic-field measurements on the cuprate
HgBa,CuO4, s to identify signatures of Fermi-surface reconstruc-
tion from a sign change of the Hall effect and a peak in the
temperature-dependent planar resistivity. We trace the termina-
tion of Fermi-surface reconstruction to two hole concentrations
where the superconducting upper critical fields are found to be
enhanced. One of these points is associated with the pseudo-
gap endpoint near optimal doping. These results connect the
Fermi-surface reconstruction to both superconductivity and the
pseudogap phenomena.
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broad paradigm of unconventional superconductivity stip-

ulates that it results from quantum critical fluctuations
associated with a continuous phase boundary that ends at a
zero-temperature quantum critical point (1). For the supercon-
ducting cuprates, the termination of the pseudogap phase at a
critical doping p* located near optimal doping, has long been
speculated to be a quantum critical point (2-4). It is thus impor-
tant to identify clear signatures of broken symmetry states and
ascertain their relationship to the pseudogap and to possible
quantum critical points. Large magnetic fields, by suppressing
the superconductivity in underdoped YBasCusOs4, (Y123) and
HgBa,CuOy445 (Hgl201), have revealed a sign change of the
Hall effect at a characteristic temperature Tu (5, 6). Quantum
oscillation measurements at low temperature also indicates the
presence of a small Fermi pocket (7-10). These results have been
interpreted as a consequence of Fermi-surface reconstruction by
an order parameter that breaks the translational symmetry of the
crystal lattice (5, 6, 11-13). Here, we present a doping-dependent
study of Fermi-surface reconstruction in Hg1201 (14), which fea-
tures a relatively simple tetragonal crystal structure comprising
one CuOs plane per unit cell (15). Its high maximal supercon-
ducting temperature necessitates large pulsed magnetic fields, up
to 90 T employed in this work, to suppress the superconductivity
at low temperatures (Materials and Methods).

Signatures of Fermi-Surface Reconstruction from Electrical
Transport

Fig. 14 shows the ¢ axes’ resistance for an underdoped Hg1201
crystal exhibiting clear quantum oscillations with a frequency of
860 T that corresponds to a small pocket comprising ~ 3% of
the Brillouin zone. The Hall resistance R., (Fig. 1 B and D)
undergoes a downturn and eventual sign change at 75 ~20 K.
These results attest to the high quality of the present crystals and
confirm prior results indicating Fermi-surface reconstruction in
Hg1201 at similar doping levels (6, 9, 10).
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We have also found a peak in the planar resistivity p( 7') at high
fields (Fig. 1 C and D). p(T') upturns at a temperature coincident
with the steep downturn in R,,(T"), as shown in Fig. 1D and S
Appendix, Fig. S7. The common characteristic temperatures sug-
gest that the features in p( T') are related to the sign change of the
Hall effect, and thus Fermi-surface reconstruction. The behavior
of p(T) is reminiscent to that associated with phase transitions
that open a gap on the Fermi surface, such as charge-density
wave (CDW) or spin-density wave (26-29). In these systems, the
initial increase in p(7T') is interpreted as a reduction in charge
carriers by a gap opening. Upon decreasing temperature fur-
ther, p(T) peaks as the gap becomes fully formed and metallic
behavior resumes. For Hg1201, we are able to identify the tem-
perature at which p(T') upturns over a broad doping range (S/
Appendix, Fig. ST), which we label T,,. Although T, might signify
the temperature at which a gap opens, the overall peak feature in
Hg1201 is relatively broad and lacks the distinct kink associated
with typical density-wave phase transition (26-29) (S Appendix,
Fig. S11). The shape of the broad peak likely results from a com-
plicated interplay between the effects of disorder on the gap
size and the effects of scattering rate on the temperature and
magnetic field dependencies of p.

Fermi-Surface Reconstruction Boundary

Fig. 24 shows T, and Ty determined from measurements of
samples over a wide doping range (see SI Appendix, Figs. S3 and
S5-S7 for underlying field- and temperature-dependent data).

Significance

High magnetic fields can suppress superconductivity in the
cuprates and reveal a state comprising a reconstructed Fermi
surface. The extent of this state, and thus its importance
for understanding the high-temperature superconductivity,
is controversial. We employ pulsed magnetic-field measure-
ments on HgBa,CuO,,5 to permit electrical transport over
a broad hole-doping range at low temperatures. We find
that the termination of Fermi-surface reconstruction coin-
cides with enhanced superconducting upper critical fields and
with the pseudogap endpoint near optimal doping. Therefore,
the Fermi-surface reconstruction is intimately linked to the
pseudogap and superconductivity in the cuprates.
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Fig. 1. Signatures of Fermi surface reconstruction in Hg1201. (A) Magnetic field dependence of ¢ axes resistance for Hg1201 with doping p=0.1 and
Tc =71 K. Quantum oscillations are observed at high fields. (A, Inset) The quantum oscillation spectrum, from a Fourier transform of the data between
45 and 90 T after subtracting a background, comprises a single peak at 860 T. arb., arbitrary units. (B and C) Pulse-magnetic field measurements of the
Hall resistance Ryy and transverse planar resistivity p at different temperatures for sample UD69, T, =69 K, corresponding to p =0.09. (D) The extracted
temperature dependence at 64 T of p (red) and R,y (black) from B and C. Characteristic temperatures marked by the upturn in p and sign change of R,y are
indicated by arrows. The sign change in R,y is consistent with that observed in Y123 p =0.10 measured at 61 T (triangles; reproduced from ref. 16).

We note that Ty is determined at sufficiently high magnetic 7, reflect the broad minimum in p(7). The doping depen-
fields such that it is field-independent (SI Appendix, Figs. S3  dence of both Ty and T, forms domes that peak at optimal
and S4) (16). The larger error bars on our determination of dopingand approaches zero temperature at pc1 2 0.060(=£0.005)
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Fig. 2. Characteristic temperatures in Hg1201 from electrical transport. (A) Doping dependence of characteristic temperatures for Hg1201. The color
contour represents the temperature exponent a of the zero-field planar resistivity of the form p = pg + AT%, where A is a temperature-independent
coefficient. Black and gray squares along the top edge mark doping levels measured in this work and in ref. 34, respectively, used to create the contour. T*
marks the deviation from strange-metal behavior (p ), which is represented here by the o = 1.1 contour line (dashed black line). This determination of
T* is consistent with the onset of magnetic (17, 18) and nematic (19) orders (S/ Appendix, Fig. $13). T, and Ty are characteristic temperatures determined
from the planar resistivity and the Hall coefficient, respectively. The square is Ty from ref. 6. (B) Planar resistivity p in zero field (solid lines) and at 64 T
(symbols) for representative doping levels indicated on top of A. The data are shifted vertically for clarity. T* (deviation from p o< T) and T, are indicated by
arrows. The dashed black lines are linear fits indicating strange metal behavior. (C) Temperature dependence of Hall coefficient Ry(T). The change in sign
occurs at Ty, indicated by the arrows.
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near the underdoped edge of the superconducting dome and at
Pe2 2 0.195(—0.005, 4-0.02), which is slightly overdoped.

Superconductivity in Applied Magnetic Field

In zero magnetic field, Hg1201 features a superconducting dome
with a broad maximum at p ~ 0.16 (Fig. 34). In a magnetic field,
T., defined by the appearance of zero resistivity, is suppressed
unequally across the dome, revealing two islands of supercon-
ductivity. This is a reflection of the doping evolution of the vortex
solid melting field H,s. We determine H.s(7 — 0) by fitting
the melting line measured at finite temperatures to a mean-
field Ginzburg-Landau treatment (Materials and Methods) (30).
In this treatment, which only accounts for vortex melting via
thermal fluctuations, the upper critical field is equivalent to the
vortex melting field at zero temperature H4 (0) = Hys(0). HY®
for Y123 (20, 31, 32) and T12BasCuOg+s (20) were reported to
be consistent with direct measures of H.o. However, it has been
argued that " is lower than the actual upper critical field
(33). Being unable to measure H.o at low temperatures directly,
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Fig. 3. Superconductivity and the boundaries of Fermi-surface reconstruc-
tion. (A) Magnetic-field dependence of T, for Hg1201, defined as the
temperature below which the resistivity is zero measured for samples, with
zero-field T¢'s indicated by yellow circles. (B) T, for Y123 from ref. 20. (C)
Vortex-melting field at zero temperature H,s(0) for Hg1201 (see Materi-
als and Methods for determination of these values). (D) Hys(0) for Y123
from ref. 20. Effective mass m* from quantum oscillations reported in refs.
21 and 22 (purple squares, right axes) is shown. (E) Characteristic tem-
perature corresponding to the sign change of the Hall coefficient Ty in
Hg1201. The pseudogap temperature T* (dashed line) is an extrapolation
from high temperature transport data (Fig. 2A). (F) Ty for Y123 from refs.
15, 23, and 24. Ry in Y123 has not been reported within the hatched gray
region around pc. A glassy spin-density wave phase appears below Tsg
in the far underdoped regime (25) that is apparently absent in Hg1201
(S/ Appendix, Fig. S2).
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we take Hy™ = H,s(0) as a lower limit on Heo. The fitted dop-
ing dependence of H.s(0) is nonmonotonic and is largest upon
approaching the critical dopings of Fermi-surface reconstruction
at pc1 and pca, as shown in Fig. 3C. As a result, each of the two
critical points underlies a separate dome of superconductivity in
high magnetic fields.

Pseudogap Temperature from Electrical Transport

The pseudogap temperature 7" is typically identified in electri-
cal transport as the deviation from high-temperature linear-in-
temperature resistivity (p oc T') termed strange-metal behavior.
For Hgl201, we combine prior (34) and new measurements
of the planar resistivity in zero-magnetic field to determine
the doping dependence of 7, which is consistent with other
markers of 7%, as shown in SI Appendix, Fig. S13. We find
that 7" decreases with increasing hole doping and intersects
the superconducting dome at p~0.18 (OVS88 resistivity in
Fig. 2B). The superconductivity prevents the observation of
pox T to zero temperature without the application of a large
magnetic field, which itself modifies the temperature-dependent
behavior (35). Nevertheless, 7" extrapolates from tempera-
tures above T, to zero temperature at doping p™ = pco = 0.195.
This is consistent with the pseudogap critical point of p* ~0.19
determined from spectroscopic probes in the cuprates (36-38).
Our results show that the phase responsible for the Fermi-
surface reconstruction likely terminates near the pseudogap
endpoint.

Discussion

It is instructive to compare Hgl1201 to Y123, which has been
extensively studied at high-magnetic fields and is the only other
underdoped cuprate synthesized with sufficient quality to yield
quantum oscillations at low temperatures. As shown in Fig. 3,
the doping evolution of T, Hys(0), and Ty in Y123 and Hg1201
are very similar, thus indicating generic features of the cuprates.
A crucial difference between the two is the doping extent of
Twu: It was reported that the sign change of the Hall effect
in Y123, and thus the Fermi-surface reconstruction, exists only
in a limited underdoped regime and terminates below p ~ 16,
which is clearly separated from the pseudogap termination at
p"~0.19 (24). For Hgl201, we find that Ty and 7, remain
finite at optimal doping and extend into the overdoped regime.
Factors limiting the apparent doping extent of finite 7% in the
overdoped regime of Y123 are discussed in SI Appendix, Note
1. Our determination of p.o has a relatively large uncertainty
compared to pc1, as it is based on extrapolating measurements
on samples with p < p*. Measurements on other cuprates sug-
gest that the Fermi surface must transition into a large hole-
like Fermi surface in the very overdoped regime p ~0.3 (39,
40). How this process occurs in Hgl201 cannot presently be
answered.

Phenomenological treatments of Fermi-surface reconstruction
by various order parameters have been proposed to explain
the high-magnetic field data in underdoped Hg1201 and Y123
(11-13, 41, 42). For Y123, extensive high-field measurements
have found both a unidirectional and bidirectional CDW (43—
45). The correlation length, {écpw, approaches a few hundred
angstroms (43, 44) in high-magnetic fields, and thermodynamic
signatures of a second-order phase transition (23, 46) have also
been observed. It is thus likely that either a unidirectional (42,
47) and/or bidirectional (41, 46, 48) CDW is responsible for
Fermi-surface reconstruction in Y123.

On the other hand, CDW correlations in Hg1201, measured
only down to temperatures near 7., have a much shorter
£cpw ~ 20— 30 A (49, 50) than in Y123. It is unclear whether
a short-correlation-length CDW can yield the observed recon-
structed Fermi surface. A theoretical lower bound for {cpw
has been proposed (47) based on an effective Dingle damping
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factor of the quantum oscillation amplitude: Rp=e ?r/5,

where Bp 2 2nhkr/efcpw, and n=1 or 2 for unidirectional
and bidirectional CDW reconstruction, respectively. The Fermi
momentum is given by kr =+/2eF /h, where F is the quan-
tum oscillation frequency. The quantum oscillations in Fig. 14
(SI Appendix, Fig. S12) yield B’ =450 T and, thus, a lower
bound of &écpw =45 A or 90 A for unidirectional and bidi-
rectional CDW reconstruction, respectively. Although such an
analysis would imply that unidirectional CDW is more compat-
ible with the small {cpw, as was also claimed for Y123 (47),
the size of the Fermi pocket determined from quantum oscil-
lations in Hg1201 is more consistent with bidirectional CDW
reconstruction (10, 49). There is presently no direct measures
of the {écpw in Hgl201 in high fields and low temperatures to
determine whether {cpw increases significantly. Considering the
similarity of the high-field electrical transport between Y123 and
Hg1201, it is tempting to assume that CDW is generally respon-
sible for the Fermi-surface reconstruction in both materials.
However, the case for CDW-induced reconstruction in Hg1201
is presently weak. NMR up to 30 T in Hg1201 found evidence of
a CDW, but no indication that its amplitude or correlation length
increases with magnetic field (51). Notably, 30 T is smaller than
then fields required to observe Fermi-surface reconstruction in
the present work.

Regardless of the exact cause of reconstruction, we have deter-
mined that its characteristic temperatures approach zero at both
conjectured quantum critical points where Hys(0) is enhanced,
including near the pseudogap endpoint at p*. For Y123, the
presence of two quantum critical points is supported by mea-
surements of doping-dependent effective electronic mass m*
from quantum oscillations (21, 22) and from indirect measures
of effective mass such as H,s(0) (Fig. 3D and ref. 20) and the
specific heat jump at T¢ (22, 52).

Although CDW has been theoretically suggested to be quan-
tum critical (53, 54) and is a possible candidate for the cause of
Fermi-surface reconstruction, it is worth noting that the pseu-
dogap state and the anomalous truncated Fermi arcs which
define it (55) remain the overarching mystery of the under-
doped cuprate electronic structure. The Fermi-surface recon-
struction examined here occurs in the backdrop of this enigmatic
state. In addition to broken translational symmetry suggested
by Fermi-surface reconstruction, broken time-reversal symme-
try in the form of intraunit cell magnetic order (17, 56,
57) and broken-planar fourfold rotational symmetry termed
nematicity (19, 58) have been detected near 7 of Y123 and
Hgl1201. The present determination of the extent of Fermi-
surface reconstruction and its connection to the pseudogap and
quantum critical points clarifies the high-field phase diagram
of the cuprates. It emphasizes the need for theoretical treat-
ments of the pseudogap that encompasses the Fermi-surface
reconstruction in addition to the other broken symmetries,
e.g., refs. 59-62.

Materials and Methods

Sample Preparation. Hg1201 single crystals were grown by using an encap-
sulated self-flux method (63, 64) at Los Alamos National Laboratory.
Quality of the samples was evinced by sharp superconducting transitions
(full transition widths of 1 to 3 K depending on doping; S/ Appendix,
Fig. S8) and large quantum oscillations (Fig. 1A). The samples were
labeled based on their doping (underdoped [UD] or overdoped [OV])
followed by the temperature corresponding to the midpoint of the super-
conducting diamagnetic transition. The quoted hole concentrations of
all our samples are based on the phenomenological Seebeck coefficient
scale (63).

Pulsed Field Measurements. High magnetic field measurements were per-
formed at the Pulsed-Field Facility of the National High Magnetic Field
Laboratory at Los Alamos National Laboratory. Two different magnet sys-
tems were used: the 65- and 100-T multishot magnets. The 65-T magnet is

40f5 | www.pnas.org/cgi/doi/10.1073/pnas.1914166117

capacitor-driven with a full width of ~ 100 ms. The 100-T magnet consists
of inner and outer magnets. The outer magnet is first-generator driven rel-
atively slowly (~ 3 s total width) between 0 and 37 T, followed by a faster
(~ 15 ms) capacitor bank-driven pulse to 90 T. Electrical transport samples,
with typical dimensions of <1.5x 0.5 x 0.1mm? along a, b, and ¢ direc-
tions, had four to six wires attached to Au pads on freshly cleaved sample
edges. Planar Hall and resistivity data were generated by taking the differ-
ence and average, respectively, between magnet pulses along the crystalline
¢ and —c directions. Ty was determined with magnetic field pulses up to 90
T for samples UD45, UD94, and OV85. For all other samples, up to 65-T field
pulses were used. T, was determined at high magnetic fields between 60
and 65 T. Pulsed-field magnetization was performed by using an extraction
magnetometer by taking the difference between sample-in and -out pulses.
The temperature dependence of p in zero magnetic field was taken with a
Quantum Design PPMS.

Vortex-Solid Melting Line, T, and H;. The T.(p) curves for different applied
fields in Fig. 3A were determined from interpolating the vortex-melting
curves (SI Appendix, Fig. S10) at each hole concentration studied. The vortex-
solid melting field, H,s, at each temperature was determined by the onset
of nonzero resistance in magnetic-field-dependent isoterms such as those
shown in SI Appendix, Figs. S5 and S9. Either four-point alternating cur-
rent electrical transport or contactless resistivity (10) methods were used.
H,s from magnetization measurements in pulsed (up to 65 T) and static
(65) (up to 7 T) fields is defined as the field below which the up and
down sweeps are hysteretic. The determination of H,s from magnetiza-
tion measurements on UD95 are consistent with that determined from
resistivity, as shown in S/ Appendix, Fig. S9 The measured melting curve
at each doping was fit to the following expression for flux lattice melt-
ing due to thermal fluctuations based on a mean-field Ginzburg-Landau
description (30)

1 b(1)'/? avi-1 ] _ 2nd .
[(1—t)1/2] b | |G-y |T*T G

where t=T/Tc and b(t) = Hus(t)/Ha (D). Gjoc (kpTe)2 23, /€2, is the
Ginzburg parameter which depends on the mass anisotropy ~, the planar
penetration depth )\, and the planar superconducting correlation length
&.p- €L is the Linderman number representing the fraction of the vortex
separation bridged by thermal fluctuations required to melt the lattice. G;
parameterizes the scale of thermal fluctuations, and thus the size of the
fluctuating regime between H,s(t) and H(t), which becomes smaller with
decreasing temperature. At zero temperature, H(0) = Hys(0) in this model.
We performed least-squared fits of the vortex melting line by evaluating
the above equation with o and H(0) as free parameters. H,(0) deter-
mined in this manner for Y123 (31), and Tl;Ba,CuQOg s was reported to
be consistent with that measured directly with thermal conductivity (20).
Therefore, in Superconductivity in Applied Magnetic Field, we refer to the
critical field determined in this manner as the mean-field upper critical
field HMF.

A major source of uncertainty in our determination of HM\ is that it
assumes a particular form of the vortex melting curve to the lowest temper-
ature at which we are able to measure Hg1201 in pulsed magnetic fields,
~ 1.5 K. For Y123 with p~0.11, a surprisingly small value of HMf(0)~
22 T was found (20). This result was apparently confirmed by recent NMR
measurements in Y123 (32). However, thermal conductivity and torque
magnetometry down to 0.3 K showed signs that the thermodynamic H;
is significantly larger than the reported Hc“gF(O) (33). The value of Hc, in
Y123 is still strongly debated. For Hg1201, the lowest H'%'(0) we have
determined is 43 +£5 T, which limits the ability to use sensitive thermal
conductivity and NMR probes of superconductivity at low temperatures
since the maximum static magnetic field available is 45 T. The HY% (0) in
Fig. 3B should be taken as lower bounds on the critical field. It neverthe-
less reflects the doping dependence of superconductivity, indicating max-
imized values upon approaching the Fermi-surface reconstruction-phase
boundaries.

Data Availability

Data in the manuscript are available at https:/researchdata.4tu.nl/en/
under DOI: 10.4121/uuid:eb6e42da-5bc2-4ac5-8d7d-1ab944b7d114 and in S/
Appendix.

ACKNOWLEDGMENTS. We thank L. Civale and S. Eley for support in per-

forming DC susceptibility characterization of samples. The high-magnetic-
field measurements and sample preparation were supported by US

Chan et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914166117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1914166117

Downloaded at Florida State University Libraries on May 4, 2020

Department of Energy Basic Energy Sciences “Science of 100 T” grant. The
National High Magnetic Field Laboratory Pulsed Field Facility and related
technical support are funded by NSF Cooperative Agreement DMR-1644779,

1. Transitions in focus. Nat. Phys. 4, 157 (2008).

2. B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, J. Zaanen, From quantum matter
to high-temperature superconductivity in copper oxides. Nature 518, 179-186 (2015).

3. C. M. Varma, Non-Fermi-liquid states and pairing instability of a general model of
copper oxide metals. Phys. Rev. B 55, 14554-14580 (1997).

4. S. A. Kivelson, E. Fradkin, V. J. Emery, Electronic liquid-crystal phases of a doped Mott
insulator. Nature 393, 550-553 (1998).

5. D. LeBoeuf et al., Lifshitz critical point in the cuprate superconductor YBa,Cu3Oy
from high-field Hall effect measurements. Phys. Rev. B 83, 054506 (2011).

6. N. Doiron-Leyraud et al., Hall, Seebeck, and Nernst coefficients of underdoped
HgBa,CuOy_ 5: Fermi-surface reconstruction in an archetypal cuprate superconduc-
tor. Phys. Rev. X 3, 021019 (2013).

7. N. Doiron-Leyraud et al, Quantum oscillations and the Fermi surface in an
underdoped high-T, superconductor. Nature 447, 565-568 (2007).

8. S. E. Sebastian et al., A multi-component Fermi surface in the vortex state of an
underdoped high-T superconductor. Nature 454, 200-203 (2008).

9. N. Barisi¢ et al., Universal quantum oscillations in the underdoped cuprate
superconductors. Nat. Phys. 9, 761-764 (2013).

10. M. K. Chan et al., Single reconstructed Fermi surface pocket in an underdoped single-
layer cuprate superconductor. Nat. Commun. 7, 12244 (2016).

11. A.J. Millis, M. R. Norman, Antiphase stripe order as the origin of electron pockets
observed in 1/8-hole-doped cuprates. Phys. Rev. B 76, 220503 (2007).

12. N. Harrison, S. E. Sebastian, Protected nodal electron pocket from multiple-Q order-
ing in underdoped high temperature superconductors. Phys. Rev. Lett. 106, 226402
(2011).

13. S. Chakravarty, H. Y. Kee, Fermi pockets and quantum oscillations of the Hall coef-
ficient in high-temperature superconductors. Proc. Natl. Acad. Sci. 105, 8835-8839
(2008).

14. M. K. Chan, Hg Cuprate Fermi Surface Reconstruction. 4tu.Centre for Data Research.
https://doi.org/10.4121/uuid:eb6e42da-5bc2-4ac5-8d7d-1ab944b7d114. Deposited 19
March 2020.

15. S. N. Putilin, E. V. Antipov, O. Chmaissem, M. Marezio, Superconductivity at 94 K in
HgBa,Cu0y 5. Nature 362, 226-228 (1993).

16. D. LeBoeuf et al., Electron pockets in the Fermi surface of hole-doped high-T¢
superconductors. Nature 450, 533-536 (2007).

17. Y. Li et al., Unusual magnetic order in the pseudogap region of the superconductor
HgBa,CuOy 5. Nature 455, 372-375 (2008).

18. Y. Tang et al., Orientation of the intra-unit-cell magnetic moment in the high-T
superconductor HgBa,Cuog | 5. Phys. Rev. B 98, 214418 (2018).

19. H. Murayama et al., Diagonal nematicity in the pseudogap phase of HgBa,CuOg 5.
Nat. Commun. 10, 3282 (2019).

20. G. Grissonnanche et al., Direct measurement of the upper critical field in cuprate
superconductors. Nat. Commun. 5, 3280 (2014).

21. S.E. Sebastian et al., Metal-insulator quantum critical point beneath the high-T
superconducting dome. Proc. Natl. Acad. Sci. 107, 6175-6179 (2010).

22. B.J. Ramshaw et al., Quasiparticle mass enhancement approaching optimal doping
in a high-T, superconductor. Science 348, 317-320 (2015).

23. D. LeBoeuf et al., Thermodynamic phase diagram of static charge order in
underdoped YBa,Cu3Oy. Nat. Phys. 9, 79-83 (2013).

24. S.Badoux et al., Change of carrier density at the pseudogap critical point of a cuprate
superconductor. Nature 531, 210-214 (2016).

25. D. Haug et al., Neutron scattering study of the magnetic phase diagram of
underdoped YBa;Cu3Og_ . New J. Phys. 12, 105006 (2010).

26. E. Fawcett, Spin-density-wave antiferromagnetism in chromium. Rev. Mod. Phys. 60,
209-283 (1988).

27. T.Gruner et al., Charge density wave quantum critical point with strong enhancement
of superconductivity. Nat. Phys. 13, 967-972 (2017).

28. E. Morosan et al., Superconductivity in CuyTiSe,. Nat. Phys. 2, 544-550 (2006).

29. N. P.Ong, P. Monceau, Anomalous transport properties of a linear-chain metal: Nbses.
Phys. Rev. B 16, 3443-3455 (1977).

30. A. Houghton, R. A. Pelcovitz, A. Sudbo, Flux lattice melting in high-T superconduc-
tors. Phys. Rev. B 40, 4763 (1989).

31. B.J. Ramshaw et al., Vortex lattice melting and H;, in underdoped YBa,Cu3Oy. Phys.
Rev. B 86, 174501 (2012).

32. R. Zhou et al., Spin susceptibility of charge-ordered YBa,Cu3Oy across the upper
critical field. Proc. Natl. Acad. Sci. U.S.A. 114, 13148-13153 (2017).

33. F Yu et al., Magnetic phase diagram of underdoped YBa2Cu3Oy inferred from
torque magnetization and thermal conductivity. Proc. Natl. Acad. Sci. U.S.A. 113,
12667-12672 (2016).

Chan et al.

the State of Florida, and the US Department of Energy. Crystal growth
was supported by the Los Alamos National Laboratory Laboratory-Directed
Research and Development program.

34. N. Barisic et al., Evidence for a universal Fermi-liquid scattering rate throughout the
phase diagram of the copper-oxide superconductors. New J. Phys. 21, 113007 (2019).

35. P.Giraldo-Gallo et al., Scale-invariant magnetoresistance in a cuprate superconductor.
Science 361, 479-481 (2018).

36. I. M. Vishik et al., Phase competition in trisected superconducting dome. Proc. Natl.
Acad. Sci. U.S.A. 109, 18332-18337 (2012).

37. K. Fujita et al., Simultaneous transitions in cuprate momentum-space topology and
electronic symmetry breaking. Science 344, 612-616 (2014).

38. J. Tallon, J. Loram, The doping dependence of T*—what is the real high-T. phase
diagram? Phys. C Supercond. 349, 53-68 (2001).

39. B. Vignolle et al., Quantum oscillations in an overdoped high-T¢ superconductor.
Nature 455, 952-955 (2008).

40. N. E. Hussey, M. Abdel-Jawad, A. Carrington, A. P. Mackenzie, L. Balicas, A coherent
three-dimensional Fermi surface in a high-transition-temperature superconductor.
Nature 425, 814-817 (2003).

41. A. K.R. Briffa et al., Fermi surface reconstruction and quantum oscillations in under-
doped YBa;Cu307., modeled in a single bilayer with mirror symmetry broken by
charge density waves. Phys. Rev. B 93, 094502 (2016).

42. A.V. Maharaj, Y. Zhang, B.J. Ramshaw, S. A. Kivelson, Quantum oscillations in a
bilayer with broken mirror symmetry: A minimal model for YBa,Cu3Og_ 5. Phys. Rev.
B 93, 094503 (2016).

43. S. Gerber et al., Three-dimensional charge density wave order in YBa,;Cu3Og g7 at
high magnetic fields. Science 350, 949-952 (2015).

44. ). Chang et al, Magnetic field controlled charge density wave coupling in
underdoped YBa,Cu3Og_ . Nat. Commun. 7 11494 (2016).

45. T. Wu et al., Magnetic-field-enhanced spin freezing on the verge of charge ordering
in YBayCusOg 45. Phys. Rev. B 88, 014511 (2013).

46. F. Laliberté et al., High field charge order across the phase diagram of YBa,Cu30,.
Quantum Materials 3, 11 (2018).

47. Y. Gannot, B. J. Ramshaw, S. A. Kivelson, Fermi surface reconstruction by a charge
density wave with finite correlation length. Phys. Rev. B 100, 045128 (2019).

48. S. E. Sebastian et al., Normal-state nodal electronic structure in underdoped high-T,
copper oxides. Nature 511, 61-64 (2014).

49. W. Tabis et al., Charge order and its connection with Fermi-liquid charge transport in
a pristine high-T¢ cuprate. Nat. Commun. 5, 6875 (2014).

50. W. Tabis et al., Synchrotron X-ray scattering study of charge-density-wave order in
HgBa,CuOy 5. Phys. Rev. B 96, 134510 (2017).

51. JLA. Lee et al, Coherent charge and spin density waves in underdoped
HgBa,CuOy 5. New J. Phys. 19, 033024 (2017).

52. J.W. Loram, K.A. Mirza, J.R. Cooper, W.Y. Liang, Electronic specific heat of
YBapCu3z06 from 1.8 to 300 K. Phys. Rev. Lett. 71, 1740-1743 (1993).

53. S. Caprara, C. Di Castro, G. Seibold, M. Grilli, Dynamical charge density waves rule the
phase diagram of cuprates. Phys. Rev. B 95, 224511 (2017).

54. C. Castellani, C. Di Castro, M. Grilli, Singular quasiparticle scattering in the proximity
of charge instabilities. Phys. Rev. Lett. 75, 4650-4653 (1995).

55. 1. M. Vishik et al., ARPES studies of cuprate fermiology: Superconductivity, pseudogap
and quasiparticle dynamics. New J. Phys. 12, 105008 (2010).

56. B. Fauqué et al., Magnetic order in the pseudogap phase of high-T¢ superconductors.
Phys. Rev. Lett. 96, 197001 (2006).

57. L.Zhao etal., A global inversion-symmetry-broken phase inside the pseudogap region
of YBayCu3Oy. Nat. Phys. 13, 250-254 (2017).

58. Y. Sato et al., Thermodynamic evidence for a nematic phase transition at the onset of
the pseudogap in YBa,Cu3Oy. Nat. Phys. 13, 1074-1078 (2017).

59. L. E. Hayward, D. G. Hawthorn, R. G. Melko, S. Sachdev, Angular fluctuations of a
multicomponent order describe the pseudogap of YBa,Cu3Og_ x. Science 343, 1336-
1339 (2014).

60. L. Nie, G. Tarjus, S. A. Kivelson, Quenched disorder and vestigial nematicity in the
pseudogap regime of the cuprates. Proc. Natl. Acad. Sci. U.S.A. 111, 7980-7985 (2014).

61. D. Chakraborty et al., Fractionalized pair density wave in the pseudogap phase of
cuprate superconductors. Phys. Rev. B 100, 224511 (2019).

62. C. M. Varma, Pseudogap and Fermi arcs in underdoped cuprates. Phys. Rev. B 99,
224516 (2019).

63. A. Yamamoto, W.Z. Hu, S. Tajima, Thermoelectric power and resistivity of
HgBa,CuOy4 5 over a wide doping range. Phys. Rev. B 63, 024504 (2000).

64. X. Zhao et al., Crystal growth and characterization of the model high-temperature
superconductor HgBa,CuO4 5. Adv. Mater. 18, 3243-3247 (2006).

65. S. Eley, R. Willa, M. K. Chan, E. D. Bauer, L. Civale, Vortex phases and glassy dynam-
ics in the highly anisotropic superconductor HgBa,CuO4 5. arXiv: 1909.01618 (4
September 2019).

PNAS Latest Articles | 50of 5

PHYSICS


https://doi.org/10.4121/uuid:eb6e42da-5bc2-4ac5-8d7d-1ab944b7d114

