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Abstract
The phase diagramof the cuprate superconductors continues to pose formidable scientific challenges.
While thesematerials are typically viewed as dopedMott insulators, it is well known that they are
Fermi liquids at high hole-dopant concentrations. It was recently demonstrated that atmoderate
doping, in the pseudogap (PG) region of the phase diagram, the charge carriers are also best described
as a Fermi liquid.Nevertheless, the relationship between the two Fermi-liquid (FL) regions and the
nature of the strange-metal (SM) state at intermediate doping have remained unsolved.Here we show
for the case of themodel cuprate superconductorHgBa2CuO4+δ that the normal-state transport
scattering rate determined from the cotangent of theHall angle remains quadratic in temperature
across the PG temperature, upon entering the SM state, and that it is doping-independent below
optimal doping. Analysis of prior transport results for other cuprates reveals that this behavior is
universal throughout the entire phase diagram and points to a pervasive FL transport scattering rate.
These observations can be reconciledwith a variety of other experimental results for the cuprates upon
considering the possibility that the PGphenomenon is associatedwith the gradual, non-uniform
localization of one hole per planar CuO2 unit.

1. Introduction

The cuprates exhibit a complex phenomenology that is often argued to be incompatible with Landau’s highly
successful Fermi-liquid (FL) description of conventionalmetals [1], except at very high hole-dopant
concentrations p (p>0.30) [2, 3]. In the undoped state, thesematerials areMott insulators with strong
antiferromagnetic correlations. The approximately linear temperature dependence of the planar dc-resistivity (ρ
∝T) in the so-called strange-metal (SM) region of the phase diagram (figure 1(a)) is observed from about 10 to
1000 K [6] and can reach rather large values in excess of 1 mΩcm. This is a seemingly unphysical situation
wherein the electronicmean-free path appears to be shorter than the lattice constant, and hence the Ioffe-Regel
limit is crossed. Consequently, the conventional theoretical description ofmetals based on quasiparticles with
well-defined crystalmomenta that experience occasional scattering events is often argued to be inadequate [1].
At the hole concentration p*≈ 0.19, just above the optimal doping level at which the superconducting (SC)
transition temperature (Tc) ismaximized, the SC state directly evolves from the peculiar SM state. The
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intervening region of the phase diagram at lower doping ismarked by the pseudogap (PG) phenomenon below
T*(p) and by evidence for a phase transition [7–14]. These and other experimental observations have been
argued to be the result of an underlying quantum critical point at p*with associated fluctuations that give rise to
the extendedT-linear resistive behavior and to the superconductivity [1]. On the other hand, there also have
been suggestions that, fundamentally, FL theory should prevail [4, 15–19], and that the consideration of electron
interactions results in resistivity saturation valuesmuch larger than implied by the Ioffe-Regel condition,
consistent with experiment [4, 20]. In fact, there has been a recent revival of FL concepts in correlated systems in
general, including considerations of a FL scattering rate that extends to high temperatures (appendix A).

HgBa2CuO4+δ (Hg1201)may be viewed as amodel compound due to its relative structural simplicity
(tetragonal symmetry, one CuO2 layer per formula unit, noCuO chains), negligible residual resistivity and large
optimalTc of nearly 100 K [21]. BelowT** (Tc<T**<T*;figure 1(a)), the planar resistivity ofHg1201 exhibits
quadratic temperature dependence, ρ∝T2, the behavior characteristic of a FL [4]. This findingmotivated
optical conductivitymeasurements that yielded the quadratic frequency dependence and the temperature-
frequency scaling of the optical scattering rate close to that predicted theoretically for the umklapp FL [22].
Furthermore, at temperatures belowT**, themagnetoresistance ofHg1201was found to obeyKohler’s rule, a
property of conventionalmetals [23].

In contrast to previous approaches that extended ideas developed for the SMphase to the PGphase, we start
here from the nowwell-documented PG/FL state ofHg1201 [4, 22, 23] andfind that the cotangent of theHall
angle, and hence the quadratic transport scattering rate is unaltered in the SMphase, and that it is independent of
doping in the range 0.05<p<0.14.We then demonstrate that the scattering rate is in fact doping and
compound independent throughout the entire normal-state phase diagram, and hence universal. Although the
magnitude of the quadratic temperature dependence of the cotangent of theHall anglemay exhibit compound-
specific deviations from the underlying universal value, we demonstrate for the cuprate La2−xSrxCuO4 (where
this effect is the largest due to the presence of a Lifshitz transition) that these deviations can be understood as a
breakdownof the effective-mass approximation rather than of the FL concept. Based on these new insights, we
propose a fundamentally new understanding of the cuprates: the seemingly disconnected PG/FL [4, 22, 23] and
overdoped FL [2, 3] regions are in some sense connected, and the notion that the carrier density in the SM region
is independent of temperature has to be abandoned.

Figure 1. Schematic phase diagram. (a)Phase diagramwith emphasis on resistivity results [4]. Conventionalmetallic Fermi-liquid
(FL) ρ∝T2 behavior is observed on both sides of the superconducting (SC) phase. At zero and lowhole-dopant concentrations,
antiferromagnetic (AF) order is observed below theNéel temperatureTN. At temperatures above the pseudogap (PG) temperatureT*,
the planar resistivity exhibits an approximately linear temperature dependence, ρ∝T. This part of the phase diagram is often referred
to as a strangemetal (SM). Below the characteristic temperatureT**, FL behavior (including ρ∝T2) is observed even half-way into the
AF phase at p=0.01 [4, 5]. This behavior terminates at low temperatures due to the appearance of SC traces (p>0.05) or disorder
effects (p<0.05). (b)Consideration of theHall angle yields the transport scattering rate and reveals the underlying FL behavior across
the entire phase diagram. After accounting for compound-specific issues, the underlying behavior 1/τ∝T2 is seen to be universal, i.e.,
doping and compound independent (see alsofigure 3 and appendixes C–E). The two seemingly disjointed FL states in (a) are therefore
de facto connected, and theT-linear resistivity appears to be the result of a temperature-dependent carrier density. In (b), approximate
doping dependences ofT* andT** are indicated by dashed lines.
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2. Transportmeasurements

As noted, these conclusions follow from the behavior of the cotangent of theHall angle, cot(ΘH), which is the
ratio of planar resistivity, ρ, toHall resistivity, ρH=HRH,whereH is themagnetic field andRH is theHall
coefficient.Within the simple effective-mass approximation that assumes a parabolic band, ρ=m*/(ne2τ) and
RH=1/(ne), wherem* is the effectivemass and n is the carrier density, so that cot(ΘH)=ρ/ρH∝m*/τ is
independent of the carrier density and essentially a directmeasure of the scattering rate 1/τ.

Figure 2 shows the temperature dependences of the resistivity andHall coefficient forHg1201 up to 400 K
(see appendix B for experimental details). The resistivity exhibits thewell-known (approximate) linear behavior
at temperatures aboveT* and a quadratic dependence in the PG/FL state (forTc<T<T**). One of our key
findings for thismodel cuprate is that cot(ΘH)∝T2 not only in the PG/FL phase, where 1/τ∝T2 has been
established [4, 23], but that this quadratic temperature dependence remains unaffected upon crossingT** and
T*, andmoreover is independent of doping. This is demonstrated infigure 2(d) for three doping levels and
summarized infigure 3 alongwithmatching results forfive additional doping levels (see also appendix C). Since
there exist no noticeable changes in behavior atT** andT*, the simplest andmost natural interpretation is that
cot(ΘH) continues tomeasure the scattering rate at temperatures aboveT**, whichwould imply that the effective
mass is doping and temperature independent, consistent with other experimental observations [4, 26–30]. A
seemingly less likely possibility is a coincidental compensation effect across distinct parts of the phase diagram
involving a scattering rate and effectivemass that are both temperature- and doping-dependent in amanner that
conspires to give rise to the simple and robust cot(ΘH)=C2T

2 behavior. In principle, both the SMand the PG/
FL regime could exhibit this behavior for different reasons, with distinct temperature dependences of theHall
(τH) and transport (τtr) scattering rates forT>T** [31], but then it would be purely accidental tofind the same
value of C2, whichwe consider highly unlikely.

Figure 2.Temperature dependence of resistivity,Hall coefficient and cotangent ofHall angle inHg1201. Planar resistivity as a function
of (a)T and (b)T2 for three representative samples withTc = 55 K, 71 K and 95 K (see appendixC for additional doping levels).
Deviation from ρ∝T indicates the PG temperatureT* (circles), whereasT** (stars)marks the onset of quadratic temperature
dependence, ρ∝T2. (c)Hall coefficientRH for the same samples, with characteristic temperatures indicated.T* corresponds to an
inflection point. In the temperature rangeTc+15 K<T<T**,RH is approximately constant formoderately-doped samples, and
its value is consistentwith the nominal hole concentration p (see appendix C). (d) In contrast to ρ andRH, cot(ΘH) is doping
independent. Unlike for the resistivity, the quadratic temperature dependence of cot(ΘH) is unchanged acrossT

** andT*.
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3. Comparisonwith other single-layer cuprates

Motivated by these observations forHg1201, we compare infigure 3 our data for cot(ΘH) to already published
results for the thoroughly investigated cuprates La2−xSrxCuO4 (LSCO) [5] andTl2Ba2CuO6+δ (Tl2201) [24]. The
three compounds have in common that they all feature a single CuO2 layer per structural unit. The LSCOdata
correspond to the PG region of the phase diagram (T<T*) and extend to the non-SC state at low doping,
whereas the Tl2201 results correspond to high doping levels, where FL behavior has beenfirmly established
[1–3]. The combined data span nearly the entire phase diagram. All three compounds exhibit quadratic
temperature dependence, cot(ΘH)= C0+ C2T

2. The compound/sample specific residual termC0 is related to
disorder [32] and effectively absent inHg1201. Remarkably, within themeasurement error, all three cuprates
(except LSCO for p>0.08; see below) exhibit the same value ofC2 (see also appendixD). Since there is good
evidence that the effectivemass is essentially independent of compound and doping [4, 26–30], this indicates
that the transport scattering rate is universal across the cuprate phase diagram (figure 1(b)).

This remarkable result is highlighted infigure 4, which shows representative data for the temperature
dependences of cot(ΘH) –C0 on a log–log scale for the three single-layer cuprates LSCO, Tl2201 andHg1201.
The respective data correspond to different parts of the phase diagram, and range fromhighly underdoped
(LSCO, p=0.07) to highly overdoped (Tl2201, p≈0.26). ForHg1201 (p≈0.145), they span different regions
(fromT<T** toT>T*), without any noticeable change in behavior. Clearly, the slope (C2) is the same in all
cases. To the best of our knowledge, this newly uncovered universality is not captured by previous theories for
the cuprates.

Figure 3.Universal transport scattering rate. (a)Temperature dependences of cot(ΘH) for LSCO (data from [5]), Tl2201 (data from
[24]) andHg1201. TheHg1201 data exhibit a negligible residual contribution (C0) and are plotted asmeasured. This contribution
appears to be related to point disorder and is subtracted for LSCOandTl2201. For clarity, the LSCO andTl2201 data are then shifted
vertically by 1000 and 2000 units, respectively. Data for LSCO are shownup to p=x=0.10. The universal cot(ΘH)∝T2 dependence
is clearly seen. The small scatter in theHg1201 data can be ascribed to the uncertainty in assessing sample dimensions (see also
appendices D and E); a similar uncertainty likely exists for the LSCO andTl2201 data as well. (b)Doping dependence of (cot(ΘH)−
C0)/T

2 demonstrates the universal value ofC2 throughout the phase diagramDashed line and shaded grey area indicate themean
value and standard deviation ofC2=0.0175(20)K−2, respectively, obtained from fits to all the data except for LSCO at doping levels
above p=0.08. For LSCO, the data above p=x=0.08 deviate from the universal value as the systemundergoes a Fermi-surface
change [25]. The open blue triangles for LSCO are the corrected values, as detailed in the text and in appendix C. (c)The universal
C2T

2 behavior and underlying transport scattering rate is found throughout the phase diagram. AF and SCphases aswell asT* andT**

are indicated as infigure 1. Themeasured temperature and doping ranges are indicated for all three compounds by highlighted areas
(including the extended dashed frame for the corrected LSCO result) and by symbols that correspond to those in (a). Background
color corresponds to themean value ofC2=0.0175 on the right contour scale.
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4. Implications for the Fermi surface at low temperatures

Themain difficulty in understanding the resistivity, Hall coefficient and other electronic properties of the
cuprates is associatedwith the rather unusual Fermi-surface evolutionwith temperature [33] and doping [25]
(see also appendixD). The simple universal quadratic temperature dependence of the cotangent of theHall angle
established here provides a crucial new constraint. Accordingly, two Fermi-surface changes with temperature/
doping should be distinguished and carefully considered.

First, we consider the character of the Fermi surface at temperatures belowT**. Themost prominent feature
in the PGphase is the antinodal gap at the Fermi level. This partial gap does not appear to affect the near-nodal
parts of the Fermi surface (arcs), but rather determines their length [33]. The carrier density in the PGphase, as
deduced fromdc-resistivity [4] and optical conductivity [22]measurements is proportional to the hole
concentration p, and the observation of FL charge transport [4, 22, 23] suggests that the arcsmust bewell-
formed belowT** [4]. Indeed, theHall density nH=1/(eRH) is approximately constant forTc<T<T** [5].
ForHg1201, this is best seen for theTc=71 K sample (figure 2(c)), whereas for LSCO this observation extends
over awider temperature/doping range [5]. Importantly, forTc<T<T**, nH yields a carrier density that
corresponds quite well to the nominal hole density, nH≈p/V, whereV is the unit cell volume. For LSCO, this is
the case up to about p=x=0.08 [5]. ForHg1201, this holds for the entire doping range of the present study,
apart from a systematic offset of about 25% that can be ascribed to the uncertainty in determining the absolute
value of p in cuprates in which hole carriers are introduced into theCuO2 planes via excess oxygen atoms in the
interstitial layers (appendix C). Deep in the PG/FL region ofHg1201, where the resistivity exhibits simple
quadratic temperature dependence, there remains a relatively weak temperature dependence ofRH. In contrast
to the resistivity (ρ=1/σxx), theHall coefficient (RH=σxy/(Hσxxσyy), whereσ is the conductivity tensor) is
sensitive (viaσxy) to the curvature and the details of the termination of the arcs. Theweak temperature
dependence ofRHbetweenTc andT

**might therefore be related to the subtleties of the arc-tip formation.
Alternatively, itmight be associatedwith the appearance of SC traces [34–36] orwith charge-density-wave
correlations [37].

Second, with increasing hole concentration, the cuprates undergo a change fromFermi arcs to a closed
Fermi surface in a non-universal, compound-specific fashion [25]. In the general case of a non-parabolic
electronic band, the off-diagonal terms of the conductivity tensor need to be taken into account, as noted in the
case of LSCO [38]. For LSCO, the observed deviation from nH=p/V, for p>0.08 andTc<T<T**, and the
apparent divergence of nH at p≈0.22 are related to changes in the curvature of the Fermi surface [25]
(appendixD). TheHall coefficient therefore ceases to be a propermeasure of the carrier density in this doping
range, and the observed behavior is the result of the failure of the effective-mass approximation rather than of
the applicability of the FL concept [38]. Indeed, for LSCOat p>0.08, cot(ΘH) remains quadratic in
temperature [5], butC2 starts to increase (figure 3(b))with the concomitant change in curvature of the
underlying Fermi surface.We therefore expect theHall effect to systematically overestimate the carrier density in
this doping range.We can test this hypothesis by correcting theHall data based on the assumption that the true
doping level for La2−xSrxCuO4 remains p= x at temperatures belowT** (appendixD), consistent with the dc
resistivity [4] and optical conductivity [22] results. As shown infigure 3(b), the corrected values ofC2 indeed

Figure 4.Cotangent of theHall angle for three single-layer cuprates. The temperature dependences of cot(ΘH) – C0 for LSCO, Tl2201
andHg1201 are compared on a log–log scale in order to highlight the remarkable universal (doping and compound independent)
behavior. The LSCOdata (solid squares, from [5]) correspond toT<T*, the Tl2201 data (open squares, from [24]) lie well outside the
PG region, whereas theHg1201 data span both regions:T>T* (open circles) andT<T* (filled circles). The gray band indicates the
rangeC2=0.0175+/− 0.002 (same as in figure 3(b)).
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agreewith the universal value. Evidently, as also demonstrated infigure 3(b), no such correction is necessary for
Hg1201 andTl2201 in the studied doping ranges.We note that comparable values ofC2 have also been obtained
for severalmulti-layer cuprates and that, similar to LSCO, there exist systematic deviations from the underlying
universal behavior near optimal doping (appendix E).

These observations provide new insight into the charge transport throughout the entire phase diagram.
Since the universalmagnitude and temperature dependence of the scattering rate directly connect the PG/FL,
SM, and overdoped FL regionswithout any changes atT* andT**, the archetypal linear temperature dependence
of the resistivitymay not reflect a linear scattering rate, contrary to commonbelief [1]. Instead, the ρ∝ T
behavior appears to be the result of a temperature-dependent carrier density, consistent with thewell-known
approximate 1/RH∝T behavior forT>T* [5, 18, 39]. In fact, a change in carrier densitymust always be
associatedwith the formation of a gap, and the PG cannot be an exception. In other words, it is a priori incorrect
to interpret any gap formation exclusively through a change in the scattering rate, without taking into account
the change in carrier density.

5. Fermi surface and intrinsic inhomogeneity

The canonical Landau FL features well-defined low-energy quasiparticles whose density does not depend on
temperature and satisfies Luttinger’s theorem at zero temperature, namely that the particle density enclosed by
the Fermi surface equals the total electron density [3, 40]. The situation is clearlymore complex in the case of the
cuprates, which seemingly lack a continuous Fermi surface in the PGphase. Nevertheless, there exist well-
defined ‘nodal’ quasiparticles [55, 91], FL behavior is observed [4, 22, 23] and, as discussed, theHall coefficient in
compounds such asHg1201 and LSCO is a goodmeasure of the carrier density deep in the PG/FL region of the
phase diagram [5]. A simple estimate of the carrier density from the arc length in the PG/FL regime indeed
suggests that the density is low and increases with doping (≈p) [4].More rigorous theoreticalmodeling yields the
same conclusion [18, 38]. TheHall data, including the present result, are overall consistent with a gradual
evolution from p carriers that reside on arcs at temperatures belowT** toward a full Fermi surface of size 1+p
not only at large doping levels [3], but also at high temperatures [5, 39] (see also appendixes F andG).

Our findings also call for a reinterpretation of experimental results for the SM region of the phase diagram.
In particular, it is of interest to consider optical conductivity and photoemission results along the lines discussed
in appendixG. The gradual delocalizationwith increasing doping and temperature of one hole per CuO2might
be the result of the dual covalent and ionic character of the cuprates [15, 17]. In order to better understand how
such an unusual behaviormight arise, we suggest that it is important to recognize that the cuprates feature
considerable inherent structural and hence electronic inhomogeneity [41–44], in addition to disorder associated
with doping [45]. Bulk nuclearmagnetic resonancemeasurements reveal significant spatial inhomogeneity even
for simple tetragonalHg1201 [46], yet they also indicate the simultaneous presence of local PG and FL electronic
components in theCuO2 planes [47]. Upon increasing the temperature aboveT**, the physical properties are
affected by the closing of the unconventional PG and by the related increase in carrier density. In real space, the
PGmanifests itself as inhomogeneous sub-nanoscale electronic gaps, as detected by scanning tunneling
microscopy/spectroscopy [41, 48]. Real-space gaps exist even at temperatures well aboveT*, and theywere
found to close at temperatures proportional to the local gapmagnitude [49]. It has been proposed [50]
that~100%and~50%PGcoverage of theCuO2 planes corresponds to two characteristic temperatures that
matchT** andT*, respectively. In this picture,T* signifies a percolation transition. At a qualitative level, this is
consistent with the evidence for a phase transition, including frompolarized neutron diffraction [7, 8], polar
Kerr effect [9], optical [12], ultrasound [10], thermoelectric [11], andmagnetic torque [13, 14] experiments, and
with the concomitant absence of a significant specific heat anomaly [51]. Such a phase transitionwould be a
secondary, emergent phenomenon [52].

For correlatedmetals, it was noted thatwell-defined quasiparticle excitationsmay survive at temperatures
well above the range of validity of FL theory as signified by the breakdownof a quadratic temperature
dependence of the resistivity, before the Ioffe-Regel limit is reached [53]. However, the fact that the scattering
rate is nearly unchanged across the cuprate phase diagram (at least up to 400 K) suggests that the effective Fermi
energy at low doping is essentially the same as in the overdoped region (EF ~ 1 eV) [54]. This is consistent with
the observation of a large, doping-independent Fermi velocity in photoemission studies [55] andwith the notion
that the effectivemass is (nearly) doping and compound independent [4, 26–30]. A large effective Fermi energy
(EF>> kBT)would also explainwhy FL-like behavior extends to rather high temperatures. Assuming a simple
two-dimensional parabolic band, the Ioffe-Regel limit (kFl=hc/(ρe2)∼1, where c is the interlayer distance) is
approached at 400 K in ourmost underdopedHg1201 samples [4]. However, this analysis does not take into
account the fact that parts of the Fermi surface are removed by the PG and that themobile carrier density is
overestimated [4], and it neglects the role played by electronic correlations in determining the electronic kinetic
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energy [20]. In fact, the room-temperaturemobility,μ= (Hcot(ΘH))
−1≈10 cm2 V−1 s−1, is not unusual and

comparable to that of ordinarymetals such as Aluminum [56]. The situation appears to bemore complex in
underdoped compounds such as LSCO that exhibit a considerable non-universal resistivity contribution
characterized by a logarithmic low-temperature upturn [23, 30], although the underlying FL transport behavior
persists to very lowhole-dopant concentrations, as seen from the universal temperature dependences of the
resistivity [4, 5] and of cot(ΘH). This additional complexity is similar to that in certain inhomogeneous
conventionalmetals [23, 30, 57].We note that it was recently demonstrated that FL transport behavior (with
nearly the same value ofC2) prevails even deep in the AF phase of the electron-doped cuprates, where the non-
universal resistivity upturn is particularly prominent [58].

6. Concluding remarks

Ourfindings point to the need for a paradigm shift regarding the cuprate phase diagram. The observation that
cot(ΘH)∝T2 in the SM regionwasfirstmade in the early days of cuprate research and, in fact, a FL
interpretationwas given in the early 1990s [15]. However, this interpretation of the charge transport has not
been givenmuch attention since crucial experimental facts were not known. Similarly, it has long been known
that, analogous to other complexmaterials, the cuprates are inherently inhomogeneous as a result ofmartensitic
strain accommodation [42, 43]. In conjunctionwith the recent demonstration of FL charge transport in the PG
region [4, 22, 23], the results forHg1201 reported here unambiguously demonstrate a profound connection
between the PG/FL and SM states, as cot(ΘH)=C2T

2 remains unaffected upon crossingT** andT*.
Furthermore, we demonstrate infigures 3 and 4 that this behavior is (nearly) doping and compound
independent, and thus universal, which establishes a direct connection between the FL/PG region and thewell-
accepted FL state on the overdoped side of the phase diagram.Wenote that it is important to keep inmind that
the PG/FL state is unusual, as it features arcs rather than a closed Fermi surface. The present results imply that
the states on the arcs are remnants of the states of the large Fermi surface at high doping, where the system
exhibits standard FL behavior. Notably, ourwork also implies that the underlying Fermi surface in the PG
regime is closed and encompasses 1+p states, which is supported by recent photoemission spectroscopy
work [59].

The universal temperature dependence of cot(ΘH) and, in particular, the de facto universal value ofC2

provides an unprecedented constraint on any physical interpretation. To our knowledge, no priormodel for the
cuprates is consistent with the above experimental facts.Whereas some theoreticalmodels seem to capture the
experimental observationsmade in the overdoped region, wherewith decreasing doping the planar resistivity
gradually evolves fromquadratic to linear temperature dependence, we emphasize that, at afixed doping level,
the resistivity in themodel compoundHg1201 switches frompurelyT2 (PG/FL) to purelyT (SM)without any
change inC2. This experimental fact alone excludes interpretations of the transport properties based on an
anisotropic scattering rate (e.g. [24, 32]). Namely, it would seemhighly unphysical that in distinct parts of the
phase diagram (Tc<T<T** versusT>T*) the scattering rates are qualitatively different (or correspond to
different parts of the Fermi surface)without any significant change in cot(ΘH)=C2T

2.Moreover, the fact that
cot(ΘH) is nearly doping and compound independent provides a profound connection among all the regions of
the phase diagram (two ofwhich exhibit clear FL quasiparticle behavior) and excludes narrow theoretical
interpretations based on the behavior of any particular compound in a specific doping and temperature range.

One pivotal goal of ourwork is to separate underlying fundamental properties of the curpates from those
that are compound specific.Only once the former arefirmly established is it feasible to address the latter. In this
regard, it is important to note that compounds such as Bi2(Sr,La)2CuO6+δ (Bi2201) andBi2Sr2CaCu2O8+δ

(Bi2212)do not show the underlying quadratic temperature dependence of the planar resistivity in the PG/FL
regime [4], and that LSCOand twinned samples of YBCOdo not obeyKohler’s rule for themagnetoresistance
[23]. Nevertheless, the quadratic temperature dependence of the planar resistivity andKohler’s rule clearly are
underlying fundamental properties of the dopedCuO2 sheets, with compound-specific deviations that can be
understood [4, 23, 58]. In the present work, we demonstrate for LSCO that the large apparent deviation from the
underlying universal behavior of the cotangent of theHall angle for x>0.08 can be understood to result from a
combination of a compound-specific Fermi-surface evolution and effects related to the opening of the PG.Upon
correcting for this, the underlying universal value ofC2 is recovered. This simple and straightforward result has
profound consequences for our understanding of the cuprates. Namely, instead of evoking any exotic
interpretations of their physical properties, classic interpretations shouldfirst be tried and tested.We thus
suspect that the (rather small) deviations from the underlying universal behavior seen in certain compounds,
doping and temperature ranges (e.g., Bi2201 [60] in part of the SM region, or Tl2201 at temperatures below 22 K
[61])have a ‘benign’ origin. Just as in the case of LSCO,where these deviations appear to be the strongest, they
most probably are not the result of a failure of the FL concept. In fact, it has been demonstrated for Tl2201 [24]
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that a slight difference in Fermi-surface shapemay result in a substantially different σxy. The temperature- and
doping-dependent partial gapping of a non-circular Fermi surfacewill thus surely cause deviations from the
underlying universal transport behavior.

The observation of a FL transport scattering rate in an inherently inhomogeneous system remains a
challenge to capture theoretically at amicroscopic level. It appears necessary to explicitly include the planar
oxygen degrees of freedom.Wenote that calculations indicate that direct oxygen–oxygen propagationmay
generate arcswith sizeable oxygen spectral weight at the Fermi level [17, 38].Moreover, umklapp interactions
might be essential to obtain theT2 scattering rate [4, 17, 18]. Regardless of the ultimatemicroscopic description,
the transport results presented here imply that the transformation froma statewith a hole density of (1+p)/V
to a state with a density of p/V holes is complete atT** [49, 50]. At temperatures belowT**, these nH=p/V
planar holes per CuO2 unit give rise to the previously observed unmasked PG/FL behavior [4, 22, 23]. This
characteristic temperature furthermore appears to be an upper bound to the charge-density-wave order
exhibited by a range of cuprates, includingHg1201 [37, 62]. On the very overdoped side of the phase diagram,
the observation of pristine FL behavior in both transport and thermodynamic properties [2, 3] indicates that the
remnants of the PG are gone. Interestingly, the termination of the SC phase is concomitant with the
disappearance of these remnants. The present work demonstrates that these two FL regions are in fact
connected. The largely hidden yet ubiquitous FL scattering rate observed throughout the cuprate phase diagram,
alongwith the elucidation of charge transport in the SM region, can be expected to enable amore focused
discussion of the remaining challenges presented by these fascinatingmaterials.

In fact, the observationsmade in the present work constitute the foundation of significant recent progress in
this direction [35, 52, 58, 63, 64]. For example, the universal scattering rate is an essential ingredient in a
phenomenologicalmodel that capturesmany of themajormysteries presented by the cuprates [52, 64]. A
second crucial ingredient of themodel, which also follows from the present work, is the gradual delocalization of
one hole per planar CuO2 unit associatedwith an inhomogeneous high-energy PG that is a remnant of the
charge-transfer gap of the undoped, insulating parent compounds; holes are gradually included in the Fermi sea
as the system evolves from p to 1+p itinerant carriers with increasing doping and temperature.With only a few
experimentally-constrained parameters, thismodel quantitatively describes the transport coefficients across the
temperature-doping phase diagram, including the PG and SM regimes. The change from a small charge-carrier
concentration at lowdoing/temperature to a large concentration at high doping/temperature appears naturally
and gradually, in agreement with the present results. Remarkably, the unusual non-monotonic doping
dependence and scaling behavior of the superfluid density, including recent data at very high doping [65], is
directly obtained fromnormal-state properties. The dome-shaped doping dependence of the SC transition
temperatureTc also follows naturally.Moreover, themodel is consistent with optical conductivity, tunneling
and photoemission spectroscopy data, andwith the presence of unconventional broken-symmetry phenomena
observed below the PG temperatureT* [7–14, 51]. Finally, themodel identifies themain characteristics of the SC
glue, whichmust be associatedwith the same local correlations that localize the one hole per planar CuO2 unit
discerned in the present work.
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AppendixA. FL behavior in correlated systems

Although the possibility of FL behavior in the PG region of the cuprate phase diagramwas initially disputed by
many, this interpretation is now increasingly accepted (e.g., [18, 66–68]). In fact, there has been a revival of FL
concepts in correlated systems beyond the cuprates [69, 70]. For example, FL behavior has been found in the
iron-pnictides [71, 72], and for theMn-pnictides the evolution fromHund’s insulator to a FLwas traced in an
optical spectroscopy study [73]. Even the perfectly compensated semimetalWTe2, which features electron/hole
pockets with a Fermi energy of 20–40 meV, exhibits aT2 scattering rate up to high temperatures [74]. Another
potential example is the recent work on strontium titanate, whichwas shown to exhibit aT2 resistivity even at
very low carrier densities (≈ 1017 cm−3) [75]. At those carrier densities, only a single pocket is present at the
Fermi level, and the Fermi energy ismerely 1 meV.
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Appendix B. Sample preparation, resistivity, Hall coefficient andHall angle

TheHg1201 samples were synthesized, annealed at various temperatures and oxygen partial pressures in order
to adjust the hole concentration, and subsequently contacted according to previously reported procedures
[4, 21, 76]. The SC transition temperature (Tc)was determinedwith aQuantumDesign, Inc.,Magnetic
PropertiesMeasurement System. The quotedTc values correspond to the transitionmid-point (10%–90%of the
diamagnetic signal appears within 1 K). A small ‘diamagnetic tail’ can be found to extend to higher temperatures
as a result offilamentary superconductivity. The latter can shorten the sample and cause a resistivity drop already
at temperatures above the bulkTc. The doping levels of the samples were assessed using themeasuredTc values
and the universal thermoelectric power scale [77, 78]. The transportmeasurements were carried outwith a
QuantumDesign, Inc., Physical PropertiesMeasurement System (PPMS). ThatHall datawere assessed at
H=9 T. In order to properly contact ac surfaces, the samples had to be cleaved, which introduced an
uncertainty of 10%–20% in the estimate of the sample contact dimensions [4].

AppendixC. Resistivity, Hall coefficient andHall angle inHg1201

Figure C1 shows the temperature dependences of the planar resistivity andHall effect for eight samples in the
doping range 0.05<p<0.14. Representative data for three of these samples are shown infigure 2. As discussed
in themain text, the resistivity exhibits linear and quadratic temperature dependences above and below the
characteristic temperaturesT* andT**, respectively. Nevertheless, cot(ΘH) for all samples exhibits doping-
independentT2 behavior from just aboveTc up to the highestmeasured temperature of 400 K.We attribute the
small differences in the slopeC2=cot(ΘH)/T

2 to the systematic error associatedwith the estimation of the
exact sample geometry. Indeed, as seen from figureC1(c), no systematic tendency is observed as a function of
doping. All Hg1201 samples are found to exhibit negligible extrapolated residual resistance, and thus cot(ΘH) is
presented asmeasured, without any offset.

Figure C2 shows the ratio of nominal tomeasured carrier density as a function of temperature forHg1201.
Below approximately 200 K, all samples exhibit amaximumvalue that is approximately 20% lower than 1.
While there exists an estimated 10%–20%uncertainty in the determination of the sample geometry, and hence
in the absolute value ofRH for each of themeasured samples, the systematically lower value of eRHp/Vmore
likely results from a somewhat subtle uncertainty in the estimation of the hole concentration p for those cuprates
inwhich the hole doping level is tuned via changes of interstitial oxygen density [79].We emphasize that this
systematic deviation does not affect any of our conclusions. In particular, wefind that nH∝ p, consistent with
the result for LSCO (p= x< 0.08) andwith the observation that the dc-resistivity scales as 1/p ([4]). In fact, a
systematically larger carrier density of~25% forHg1201would shift the center of theT(p) plateau and the
doping level of the strongest charge-order effects from p≈0.09 to p=0.11–0.12, consistent with analogous
results for other cuprates [8, 37].

From figureC2 it can also be seen that the peak exhibited by eRHp/V is rather broad at lower doping, whereas
it is narrower close to optimal doping, consistent with the narrowing of the PG/FL regionwith increasing hole
concentration.

FigureC1.Temperature dependences of resistivity, Hall coefficient andHall angle for eightHg1201 samples. (a)Temperature
dependence of the planar resistivity of samples that range from very underdoped (Tc=45 K) to nearly optimally doped (Tc=95 K).
(b)Hall coefficient for the same samples. (c) cot(ΘH) determined from the data in (a) and (b) (atH = 9 T).

9

New J. Phys. 21 (2019) 113007 NBarišić et al



AppendixD. Analysis of theHall angle for LSCO (p>0.08)

As discussed in [25, 38, 80] and in themain text, with increasing doping the Fermi-surface topology of LSCO
evolves from arcs to a diamond-like shape, and theHall coefficient ceases to be a goodmeasure of the carrier
density. For LSCO, this becomes noticeable already for p= x> 0.08. Consequently,C2 begins to deviate from
the established universal value (figures 3(b) andD1). Nevertheless, the simple quadratic temperature
dependence cot(ΘH) –C0∝T2 remains omnipresent. This indicates that the temperature dependence of the
evolution from arcs toward the full Fermi surface, which is related to gradual closing of the antinodal PG at
temperatures aboveT**, is still captured by theHall coefficient.However,RH is related to the curvature of the
Fermi surface and ceases to be a reliablemeasure of the carrier density. Indeed, as shown infigureD2, the nodal
Fermi-surface curvature ceases to be nearly circular above about p≈0.07 and, concomitantly, theHall effect
overestimates the carrier density. The nearly straight Fermi-surface segments near p=0.22 result in the
apparent divergence of nH.

We consider twomethods to correct for this effect. In the firstmethod, we use the recently established
temperature and doping dependence of the universal sheet resistance. In contrast to theHall coefficient,
RH=σxy/(Hσxxσyy), this observable is not particularly sensitive to the Fermi surface curvature. In the PG/FL
part of the phase diagram, the sheet resistance is simply proportional toT2/p ([4]), and the scattering rate follows
1/τ∝ T2 ([4, 22, 23]), whereasRH is approximately constant belowT**. Since there is very good evidence that the
effectivemassm* does not changewith doping (e.g., from specific heat [81, 82], optical conductivity [26], and dc
transport; seemain text and [4]), theDrude formula ρ=m*/(ne2τ) implies a carrier density n=p/V. This
suggests that theHall data for LSCO (figureD2) ought to be corrected (for p=x>0.08), i.e., we replace
nH=1/(eRH) by nH(T)=(p/V )RH,max(p)/RH(p,T), whereRH,max(p) is themaximum in the temperature

FigureC2.Temperature dependence of the ratio of nominal hole concentration, p/V, andmeasured carrier density, nH=1/(eRH).
The grey horizontal band indicates the range 0.76+/− 0.09. e is electron charge andV the unit cell volume. This ratio should yield a
value of 1 if the carrier densitymeasured by theHall effect corresponds to p. As discussed in themain text, for LSCO this is indeed the
case in the PG/FL region (for p =x < 0.08 andT<T**) [5].

FigureD1.Hall angle in LSCO for p>0.08. Temperature dependence of cot(ΘH) –C0 for LSCO shows quadratic behavior for a very
wide range of Sr doping values x (data from [5]). Low-temperature data are not shown for clarity, due to large upturns for themost
underdoped samples. Solid lines arefits toC2T

2. The so-obtainedC2 values are shown infigure 3(b). The data for x=0.21 do not
exhibit a quadratic temperature dependence andwere not fit.
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dependence of theHall coefficient. As demonstrated infigure 3(b), this adjustment of cot(ΘH)=ρ/(HρH)
indeed yields the universal value ofC2.

The secondmethod to correctRH(x,T) for La2−xSrxCuO4 is very similar to thefirst.Whereas the firstmethod
uses themaximumofRH(T) at each doping level, the secondmethod is based on [83], where the carrier density n
(x,T) is described in a heuristic fashion as the sumof a doping dependent contribution, n0(x), that gives the
density of carriers in the PG/FL region asmeasured by theHall effect, and of a thermally-activated contribution,
n1(x) exp[−Δ(x)/T], that is relevant at higher temperatures:

= + -D( ) ( ) ( ) [ ( ) ]/n x T n x n x x T, exp .H 0 1

Indeed, for x<0.08, n0(x) equals the nominal carrier concentration p=x, whereas for x>0.08 the
absolute value of nH=1/(eRH) should be corrected (but not its temperature dependence, as argued above).
Instead of using the estimated valueRH,max, we can use the value of n0 determined from the fit to correct the
absolute value of theHall effect. Due to the rather small difference between inRH,max and n0, the twomethods
yield very similar results for the corrected value ofC2.

Appendix E.Hall-angle results formulti-layer cuprates

YBa2Ca3O6+δ (YBCO) features CuO2 double-layers, Cu–Ochains, and is orthorhombic in the SC doping range,
and hence structurallymore complex than single-layer compounds, especially compared to simple-tetragonal
Hg1201. A quadratic temperature dependence of cot(ΘH)was reported early on up to elevated temperatures
(500 °C) [32, 84]. ExtensiveHall data were obtained in subsequent work, and an attemptwasmade to separate
contributions due to theCuO2 planes from those of theCu–Ochains [82]. These latter data, which span a rather
wide doping range and are reproduced infigures E1 and E2, demonstrate that, for p<0.10,C2 is consistent with
the universal value established for the single-layer compounds. For p>0.10, YBCObehaves similar to LSCO
(see appendixD). Figure E2 also shows data for double-layer Bi2SrCa1−xYxCu2O8+δ (Bi2212; [85]) and triple-
layerHgBa2Ca2Cu3O8+δ (Hg1223; [86]).

The Fermi surfaces of these compounds are inherentlymore complicated due to themulti-layer structure.
As noted, in the case of YBCO it is necessary to carefully separate Cu–Ochain fromCuO2 plane contributions. In
the Bi-based cuprates, the underlying quadratic temperature dependence of the resistivity in the PG/FL region is
masked ([4]), yet the quadratic scattering rate is clearly revealed from the temperature dependence of cot(ΘH)
(figure E2). In triple-layerHg1223, the inequivalent inner and outer layersmight have different hole
concentrations and different levels of intrinsic inhomogeneity. In light of this additional complexity, the data for

FigureD2.Comparison of the doping evolution of theHall coefficientRH(T) and the underlying Fermi surface of LSCO. (a)
Temperature dependences of eRHx/V, the ratio of themeasuredHall coefficient to that expected fromnominal hole density, x/V, for a
wide range of doping levels. For x<0.08, this ratio remains close to one in themeasured temperature range (theHall density agrees
with the nominal carrier density), and the planar resistivity exhibits quadratic temperature dependence [5]. (b)Tight-binding
description of the Fermi surface of LSCO [25, 80], consistent with experimental data. Below x=0.08, the underlying Fermi surface is
approximately circular. Upon further doping, the Fermi-surface increasingly deviates from a circular shape and becomes nearly ‘flat’
in the nodal direction, which causes an overestimation of the carrier densitymeasured via theHall effect. Consequently, for x>0.08,
the ratio eRHx/V begins to decrease from1. In addition,RH exhibits substantial temperature dependence already below 300 K and the
maximumvaluemoves to lower temperature. (a) and (b)were adopted from [5] and [25, 80], respectively.
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themulti-layer cuprates are remarkably consistent with those for the single-layer compounds discussed in the
main text.

Appendix F. General observations related to optical conductivity and photoemission
spectroscopy results

Recent analysis of the zero-frequency limit of the optical conductivity established for several transition-metal
oxides the temperature dependence of the effective plasma frequency and revealed a hidden FL scattering rate,
1/τ∝T2 ([69]). This result was obtained for V2O3 andNdNiO3, two correlatedmaterials that exhibit a
temperature-drivenmetal-insulator transition, and for CaRuO3, which is aHund’smetal. The observation that
the anomalous transport properties of these complexmaterials arise from a temperature-dependent plasma
frequency (ωp

2∝ n/m*) is consistent with our findings, yet the temperature dependencewas ascribed to the
effectivemass rather than the carrier density [69].We can exclude the former possibility in the case of the

Figure E1. cot(ΘH) –C0 for YBa2Cu3Oy for sampleswith different oxygen content y (and hence hole concentration) [82]. Data at low
temperatures (below 80 K) are not shown for clarity, due to large non-universal upturns for themost underdoped samples. Solid lines
are fits to the formC2T

2.

Figure E2.Cotangent ofHall angle formulti-layer cuprates. (a) cot(ΘH) –C0 as a function ofT
2 for YBCO (grey lines as in figure E1—

data from [82]), Bi2212 (Tc=96 K, optimally doped, dark blue squares;Tc=40 K, underdoped,mediumblue squares; non-
superconducting, very underdoped, light blue squares—data from [85]) andHg1223 (Tc=134 K, nearly optimally doped, red circles
—data from [86]). Also shown is the average result forHg1201 obtained in the present work (dotted red line). Except for YBCObelow
p=0.10, the slope of the underlying quadratic temperature dependence is larger than the established underlying universal value,
consistent with the situation for LSCOnear optimal doping. (b)C2 as a function of doping for YBCO, superconducting Bi2212, and
Hg1223. The doping levels were estimated based on theObertelli–Cooper–Tallon formula [77] and the reported values ofTc. The
dotted line and grey shaded band are the same as in (a) andfigure 3(b), respectively.
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cuprates, since cot(ΘH)−C0=C2T
2∝m*/τ is universal, and thus very unlikely the result of a compensation

between separate doping/temperature dependences of the scattering rate and effectivemass. Our result instead
naturally demonstrates the existence of a universal transport scattering rate, 1/τ∝T2, throughout the entire
phase diagram, and it suggests that the effectivemass is independent of doping and temperature, in the
temperature range relevant to our discussion.

Wenote that quantumoscillation experiments for underdoped YBCO andHg1201 indicate a small, pocket-
like Fermi-surface with an effectivemass ofm*=2−3me (me is the free-electronmass) that is approximately
half as large as that for highly doped Tl2201 [87].Whereas the small Fermi surfacemeasured in underdoped
Hg1201 andYBCO is the result of a Fermi-surface reconstruction [37, 62, 87–89] that can be expected tomodify
the effectivemass, the experiments onTl2201 determine the large unreconstructed Fermi surface [3] and hence
are directly relevant to the present discussion.

Photoemission experiments typically are carried out on the bismuth-based cuprates for which neither ρ∝T2

norKohler scaling has been reported in the PG/FL region. This could be the result of a particularly high degree
of point disorder [43] or inherent inhomogeneity [41–43] exhibited by these compounds, whichmight cause a
substantial temperature dependence of the carrier density even at temperatures belowT**. And indeed, despite
the apparent non-FL behavior of the resistivity, cot(ΘH) for double-layer Bi2SrCa1−xYxCu2O8+δ exhibits
quadratic temperature dependencewith a prefactorC2 that agrees rather well with the universal value (figure
E2). Although the single-particle lifetime obtained fromphotoemission is not identical to the transport lifetime,
high-resolution photoemissionmeasurements of the normal state of bismuth-based compounds indicate a
quadratic energy dependence of the scattering rate [90].Moreover, for LSCO (p=x=0.23), photoemission
spectroscopy indeed yields quadratic frequency dependence of the self-energy in the nodal region, consistent
with ourfindings, but an approximately linear behavior in the antinodal region [91]. At the same doping level
the resistivity can be decomposed into quadratic and linear terms [4] andRH(T) still exhibits significant
temperature dependence below about 200 K [5, 39]. Consequently, in those parts of the phase diagramwhere
RH(T) exhibits substantial temperature dependence andwhere, in accordwith our finding of a universal
scattering rate, the carrier density can not be assumed to be independent of temperature, it seems necessary for
photoemission results in the antinodal region to be re-analyzed. These insights are further supported by the
success of the recent phenomenologicalmodel of [52, 64].

AppendixG. Suggestion of a novel approach to analyze the optical conductivity

In themain text, we briefly discuss optical conductivity data in order to demonstrate that these (as well as
photoemission) results are not inconsistent with our proposed interpretation of the dc transport data.Here, we
emphasize that the commonly applied extendedDrude analysis should be treatedwith care in the case of systems
forwhich a simple single-band approach is insufficient. This seems to be particularly relevant to the cuprates at
temperatures aboveT**, i.e., outside the PG/FL region.

More generally, in light of our dc transport results, we believe that all optical conductivity data for the
cuprates need to be re-analyzed.While this analysis is clearly beyond the scope of the present work, our results
give several key constraints. First, instead of the prior approaches, we suggest that the low-frequency data that
correspond to the coherence peak are fit throughout the entire phase diagram (i.e., not only in the PG/FL and
FL, but also in the SM region) in a FLmanner, with 1/τ∝ (ħω)2+(aπkBT)

2.We suggest three different
approaches tofix the coefficient a: (i) from fits to 1/τ∝ (ħω)2+(aπkBT)

2 in the PG/FL or FL regions; (ii) from
an extendedDrude analysis in the PG/FL or FL regions (e.g., a=1.5 [22]); (iii) a can befixed to the theoretically
predicted value a=2 [92, 93]. Once the value of ahas been determined, it should be heldfixed in the SM region,
and the coherent spectral weight should bematched to the carrier density determined from theHall effect or dc-
resistivity [52, 64]. This procedure implies that there is essentially no free parameter for the coherent spectral
weight in the SM region.

The second constraint pertains to the delocalization of one carrier per planar copper atomat temperatures
aboveT**. The redistribution of spectral weight with temperature at afixed nominal doping level p should bear
important similarities to the evolutionwith doping at afixed temperature. Indeed, it is remarkable that the
spectral weight of the coherent contribution at temperatures belowT** corresponds to p, whereas the spectral
weight integrated to about 2.5 eV (on the order of the charge-transfer gap) approaches 1+p (wherewe attribute
1 to the localized charge).With this inmind, one can now take a fresh look at the doping dependence of the
optical conductivity in this energy range.We consider the extensive early data for LSCO [94], which are
reproduced infigureG1.Without any detailed analysis, it is indeed possible to follow the evolution of a signature
of the localized charge from a hump at intermediate energy at low doping (x=p for LSCO) to the quasiparticle
peak at high doping.We expect a corresponding evolutionwith temperature atfixed doping.
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FigureG1.Planar optical conductivity for LSCO,measured at room temperature (adapted from94). The frequency range of interest
(up to about 2.5 eV;white background) approximately corresponds to 1+p holes perCuO2 unit [22].We associate the ‘1’with the
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