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Measurement of thermal transport
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Extended Data Fig. 1 | Current and field orientation for κxy and κzy measurements. Sketch of the thermal Hall measurement setup for a) J // a // -x and b) 
J // c // z. The Cartesian coordinate system is defined in the same way for the two samples.
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METALS 1) Electrons & phonons

ELECTRONS 1) Elastic scattering

3) Wiedemann-Franz law (T = 0 limit)

4) Lorenz ratio (T > 0)

PHONONS 1) Scattering processes — boundaries, impurities, electrons, phonons, … 

2) Inelastic scattering — electrons, phonons, spin excitations



NB. Assumes that tau is the same…
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Cuprate superconductors
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Figure 2.6 Structure cristalline de deux cuprates isolants de Mott. Nd2Cu2O4 est le com-
posé parent des cuprates dopés en électrons Nd2�xCexCuO4. La2CuO4 est le composé parent
des cuprates dopés en trou La2�xBaxCuO4 et La2�xSrxCuO4. Ces deux composés ont des
structures tétragonales. La différence majeure dans la structure est la présence d’oxygènes
apicaux pour les cuprates dopés en trous.

isolantes, habituellement composées de terres rares, font office de réservoirs de charges en
donnant ou acceptant des électrons des couches de CuO2. Ce sont ces plans de CuO2 qui
confèrent la structure électronique bidimensionnelle de ces composés, puisque ces plans sont
peu couplés entre eux à cause des couches isolantes.

Les différentes familles des cuprates s’obtiennent en changeant la composition de ces
réservoirs de charge. De plus, en effectuant des substitutions chimiques au sein d’une même
famille, il est possible de changer le nombre d’électrons disponibles pour les plans de CuO2.
C’est ce que l’on appelle le dopage. Celui-ci, défini par p ou x, indique le nombre de porteurs
de charge par atome de cuivre. Ces porteurs peuvent être des trous (p) ou des électrons (x).
Le dopage est nécessaire pour obtenir la supraconductivité dans les cuprates, car sans lui, les
cuprates sont des isolants. La figure 2.7 montre un diagramme de phase général du dopage
en fonction de la température pour les cuprates.

Isolant de Mott

La théorie des bandes prédit pourtant que les cuprates sont des métaux à dopage nul.
Cette prédiction erronée est due au fait que les calculs standards de la théorie des bandes ne
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Figure 2.9 Diagramme de phase température-dopage typique des cuprates dopés en trous.
À bas dopage, nous avons la phase antiferromagnétique (AF) isolante (en brun). La phase
pseudogap, délimitée par la température T

⇤ et le dopage critique p
⇤ est indiqué en jaune. À

dopage intermédiaire apparaît un ordre de charge nommé onde de densité de charge (ODC, ou
CDW en anglais) (en bleu). La phase supraconductrice se situe sous la température critique
Tc (ligne pointillée). À plus haut dopage, vers la fin du dôme supraconducteur, les cuprates
sont de relativement bons métaux décrits par la théorie de liquide de Fermi (FL, en anglais).
Autour du point critique p

⇤, les cuprates ont un comportement de métaux étranges (SM, en
anglais) en blanc. La figure est tirée de [62].
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Six regions

1) Superconductivity

2) Mott insulator

3) Fermi liquid

4) Strange metal

5) Charge order

6) Pseudogap phase
Figure 2.9 Diagramme de phase température-dopage typique des cuprates dopés en trous.
À bas dopage, nous avons la phase antiferromagnétique (AF) isolante (en brun). La phase
pseudogap, délimitée par la température T

⇤ et le dopage critique p
⇤ est indiqué en jaune. À

dopage intermédiaire apparaît un ordre de charge nommé onde de densité de charge (ODC, ou
CDW en anglais) (en bleu). La phase supraconductrice se situe sous la température critique
Tc (ligne pointillée). À plus haut dopage, vers la fin du dôme supraconducteur, les cuprates
sont de relativement bons métaux décrits par la théorie de liquide de Fermi (FL, en anglais).
Autour du point critique p

⇤, les cuprates ont un comportement de métaux étranges (SM, en
anglais) en blanc. La figure est tirée de [62].
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3) Fermi liquid at high doping

a) Large Fermi surface — ARPES, quantum osc.

b) T^2 resistivity



3) Fermi liquid at high doping

a) Large Fermi surface — ARPES, quantum osc.

Collignon et al., PRB 95, 224517 (2017)

Fermi surface at p = 0.3

Peets et al., New J. Phys. 9, 28 (2007)
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(0,0)

(π,π)

(b) Tc=30  K

(0,0)

(π,π)

(c) Tc=20  K

(0,0)

(π,π)

(a) VFS=63%

Figure 9. Fermi surfaces, in the projected 2D Brillouin zone, obtained from:
(a) band structure calculations (imposing a volume of 63% counting holes, as
observed by ARPES on Tl2201-OD30); our (b) ARPES experiments on the
Tc = 30 K sample (Tl2201-OD30); and (c) the AMRO study on a Tc = 20 K
Tl2201 crystal by Hussey et al [31]. The red line in (b) is the result of our tight-
binding fit ofARPES Fermi surface and dispersion; the width of the Fermi surface
contour in (c) reflects the magnitude of the c-axis dispersion, here emphasized by
a factor of four for clarity [31].

the occupied TlO states should be confined to a small volume around the ! point, the absence
of the TlO pocket in the present ARPES data might simply be the result of having carried out
the experiments at kz values larger than the Fermi wavevector along the c-axis. We checked this
possibility by acquiring 2D EF intensity maps by ARPES as a function of photon energy, which
allows one to study the evolution of the Fermi surface upon varying continuously the value of
kz; we have observed, however, no signature of the TlO spheroid over a wide range of photon
energies [59]. In conclusion, the Fermi surface determined from this procedure takes the form
of a large hole pocket centred at (π,π) with an area that occupies 63 ± 2% of the Brillouin zone,
corresponding to a carrier concentration of 1.26 ± 0.04 hole per Cu atom, or p = 0.26 ± 0.04
greater hole density than the half-filled Mott insulator with 1 hole per Cu atom (p = 0 in figure 1).
This result is in superb agreement with the recent study of the Fermi surface by angular dependent
magnetoresistance oscillation (AMRO) experiments [31], which found a hole-pocket volume of
62% of the Brillouin zone (p = 0.24) in a slightly more overdopedTc = 20 K sample (figure 9(a)).
The ARPES determination is also in good agreement with the estimates from low temperature
measurements of the Hall coefficient, which gave a hole doping of p = 0.30 holes/Cu for a
Tc ! 15 K sample [32].

As a quantitative measure of the shape of the Fermi surface and of the many-body
renormalized electronic dispersion, the Tl2201-OD30 ARPES data can be modelled by
the tight-binding formula εk = µ + t1

2 (cos kx + cos ky) + t2 cos kx cos ky + t3
2 (cos 2kx + cos 2ky) +

t4
2 (cos 2kx cos ky + cos kx cos 2ky) + t5 cos 2kx cos 2ky [60], setting a = 1 for the lattice constant.
With parameters µ = 0.2438, t1 = −0.725, t2 = 0.302, t3 = 0.0159, t4 = −0.0805, t5 =
0.0034, all expressed in eV, this dispersion reproduces both the Fermi surface shape (the solid red
line in figure 9(b)), and the QP energy at (0,0) and (π, 0) as seen in figures 8(c) and (d). It is worth
noting that experimentally the band bottom at (π, 0) is extremely flat, a behaviour that could not
be reproduced by including only t1 and t2 hopping parameters in the model. Alternatively, a
simple analytical formula for the 3D electronic dispersion of Tl2201 has recently been derived

New Journal of Physics 9 (2007) 28 (http://www.njp.org/)

Carrier density 
n = 1+p
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position of the kink, nor the value of a1 at p =
pc—are dependent on the type of dual-component
analysis used.

The coexistence of two distinct components
to rab(T) is suggestive of some form of two-fluid
model, although the fact that the two compo-

nents add in the resistivity (i.e., in series) rather
than in the conductivity (in parallel) implies that
the two subsystems would have to coexist on a
microscopic scale. Indeed, it is well documented
that cuprates possess substantial microscopic in-
homogeneity (21), and overdoped LSCO in par-
ticular is prone to microscopic phase separation
into superconducting and non-superconducting
regions with a physical extent on the order of
the superconducting coherence length (22, 23).
One might then be tempted to attribute the T-
linear component to the superconducting region
(because its value scales roughly with Tc) and the
quadratic term to that portion of the sample with
an effective carrier density p > 0.27.

An alternative approach, however, is to as-
sign the two additive coefficients to two distinct,
independent quasi-particle scattering processes
that coexist on the cuprate Fermi surface. Such a
picture was recently proposed on the basis of angle-
dependent magnetoresistance (ADMR) mea-
surements on overdoped Tl2Ba2CuO6+d (Tl2201)
that revealed that the scattering rate was com-
posed of two distinct terms, a T 2 scattering term
that is isotropic within the basal plane and a T-
linear scattering rate that is strongly anisotropic,
exhibiting a maximum near the Brillouin zone
boundary, where the pseudogap is maximal and
vanishing along the zone diagonal (18). In a sub-
sequent doping-dependent study, it was intimated
that this anisotropic T-linear term correlates with
Tc, whereas the quadratic term remains constant
as a function of p (24). Both of these trends in
Tl2201 now appear to be confirmed in LSCO but
over a much wider range of doping.

Anomalous criticality in LSCO. Critical fluc-
tuations are a definitive signature of a QCP. In
nearly ferromagnetic (FM) or antiferromagnetic
(AFM) metals, for example, critical spin fluctu-
ations give rise to physical properties with anom-
alous temperature dependences whose critical
exponents depend on the nature of the spin fluc-
tuations (FM or AFM) and on the dimensionality.
For two-dimensional (2D) AFM spin fluctuations,
a T-linear resistivity is expected that extends to
very low temperatures at or near the QCP (25).
Away from the critical point, the resistivity shows
a crossover to a Fermi-liquid–like T2 resistivity as
T decreases. As the critical point is approached,
the crossover temperature TF decreases, and the
coefficient of the T2 resistivity diverges. Such be-
havior is typified by the heavy-fermion com-
pound YbRh2Si2, where Dr is found to be strictly
T-linear over 2 decades in temperature at a critical
magnetic field, Hc (13). Either side of Hc, Dr is
proportional to T2 with a coefficient a2 (TF) that
diverges (falls linearly) as H approaches Hc. Sim-
ilar behavior is exhibited in the quasi-2D heavy-
fermion compound CeCoIn5, where the QCP
coincides with the upper critical field Hc2 (14),
and in the bilayer ruthenate Sr3Ru2O7 (2), where
the QCP coincides with a metamagnetic transition.

There are three aspects of the resistivity be-
havior in LSCO that conflict with this con-
ventional quantum critical picture: (i) the two

Fig. 3. Schematic of the
evolution of the exponent
n with temperature and
doping in LSCO. The phase
diagram is obtaineddirect-
ly by interpolating plots of
d[(lnrab–a0)]/d(lnT) versus
T for all the resistivity curves
shown in Fig. 2. In marked
contrast to other quantum
critical systems, the T-linear
regime is found to grow
wider with decreasing tem-
perature. This unusual ex-
pansion of the T-linear
region at low temperatures
coincides with the super-
conducting dome (long
dashed white line) and the region where superconducting fluctuations become significant (short dashed
white line). The red dashed line represents T* = Eg/2 (36). As stated in the text and argued in more detail in
the SOM, this form of Dr(T) is shown here only for comparison with the heavy-fermion compounds, but it is
not the most appropriate means of describing Dr(T) in LSCO or indeed other cuprates (18).

n
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Fig. 4. Doping evolution of the temperature-dependent coefficients of rab(T). (A) Doping depen-
dence of a1, the coefficient of the T-linear resistivity component. (B) Doping dependence of a2, the
coefficient of the T2 resistivity component. In both panels, solid squares are coefficients obtained
from least-square fits of the rab(T) curves for T ≤ 200 K to the expression rab(T) = a0 + a1T + a2T2,
whereas the solid circles are obtained from fits over the same temperature range to a parallel-
resistor formalism 1/rab(T) = 1/(a0 + a1T + a2T2) + 1/rmax with rmax = 900 T 100 mohm cm. The
open symbols are obtained from corresponding fits made to the rab(T) data of Ando et al. (5)
between 70 K and 200 K. The dashed lines are guides to the eye. The error bars are a convolution
of standard deviations in the values of a1 and a2 (1s) for different temperature ranges of fitting
plus systematic uncertainty in the absolute magnitude of rmax.
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T-linear to T-quadratic resistivity in h-doped cuprates
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Figure 2.9 Diagramme de phase température-dopage typique des cuprates dopés en trous.
À bas dopage, nous avons la phase antiferromagnétique (AF) isolante (en brun). La phase
pseudogap, délimitée par la température T

⇤ et le dopage critique p
⇤ est indiqué en jaune. À

dopage intermédiaire apparaît un ordre de charge nommé onde de densité de charge (ODC, ou
CDW en anglais) (en bleu). La phase supraconductrice se situe sous la température critique
Tc (ligne pointillée). À plus haut dopage, vers la fin du dôme supraconducteur, les cuprates
sont de relativement bons métaux décrits par la théorie de liquide de Fermi (FL, en anglais).
Autour du point critique p

⇤, les cuprates ont un comportement de métaux étranges (SM, en
anglais) en blanc. La figure est tirée de [62].
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For two-dimensional (2D) AFM spin fluctuations,
a T-linear resistivity is expected that extends to
very low temperatures at or near the QCP (25).
Away from the critical point, the resistivity shows
a crossover to a Fermi-liquid–like T2 resistivity as
T decreases. As the critical point is approached,
the crossover temperature TF decreases, and the
coefficient of the T2 resistivity diverges. Such be-
havior is typified by the heavy-fermion com-
pound YbRh2Si2, where Dr is found to be strictly
T-linear over 2 decades in temperature at a critical
magnetic field, Hc (13). Either side of Hc, Dr is
proportional to T2 with a coefficient a2 (TF) that
diverges (falls linearly) as H approaches Hc. Sim-
ilar behavior is exhibited in the quasi-2D heavy-
fermion compound CeCoIn5, where the QCP
coincides with the upper critical field Hc2 (14),
and in the bilayer ruthenate Sr3Ru2O7 (2), where
the QCP coincides with a metamagnetic transition.

There are three aspects of the resistivity be-
havior in LSCO that conflict with this con-
ventional quantum critical picture: (i) the two

Fig. 3. Schematic of the
evolution of the exponent
n with temperature and
doping in LSCO. The phase
diagram is obtaineddirect-
ly by interpolating plots of
d[(lnrab–a0)]/d(lnT) versus
T for all the resistivity curves
shown in Fig. 2. In marked
contrast to other quantum
critical systems, the T-linear
regime is found to grow
wider with decreasing tem-
perature. This unusual ex-
pansion of the T-linear
region at low temperatures
coincides with the super-
conducting dome (long
dashed white line) and the region where superconducting fluctuations become significant (short dashed
white line). The red dashed line represents T* = Eg/2 (36). As stated in the text and argued in more detail in
the SOM, this form of Dr(T) is shown here only for comparison with the heavy-fermion compounds, but it is
not the most appropriate means of describing Dr(T) in LSCO or indeed other cuprates (18).
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Fig. 4. Doping evolution of the temperature-dependent coefficients of rab(T). (A) Doping depen-
dence of a1, the coefficient of the T-linear resistivity component. (B) Doping dependence of a2, the
coefficient of the T2 resistivity component. In both panels, solid squares are coefficients obtained
from least-square fits of the rab(T) curves for T ≤ 200 K to the expression rab(T) = a0 + a1T + a2T2,
whereas the solid circles are obtained from fits over the same temperature range to a parallel-
resistor formalism 1/rab(T) = 1/(a0 + a1T + a2T2) + 1/rmax with rmax = 900 T 100 mohm cm. The
open symbols are obtained from corresponding fits made to the rab(T) data of Ando et al. (5)
between 70 K and 200 K. The dashed lines are guides to the eye. The error bars are a convolution
of standard deviations in the values of a1 and a2 (1s) for different temperature ranges of fitting
plus systematic uncertainty in the absolute magnitude of rmax.
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Figure 2.9 Diagramme de phase température-dopage typique des cuprates dopés en trous.
À bas dopage, nous avons la phase antiferromagnétique (AF) isolante (en brun). La phase
pseudogap, délimitée par la température T

⇤ et le dopage critique p
⇤ est indiqué en jaune. À

dopage intermédiaire apparaît un ordre de charge nommé onde de densité de charge (ODC, ou
CDW en anglais) (en bleu). La phase supraconductrice se situe sous la température critique
Tc (ligne pointillée). À plus haut dopage, vers la fin du dôme supraconducteur, les cuprates
sont de relativement bons métaux décrits par la théorie de liquide de Fermi (FL, en anglais).
Autour du point critique p

⇤, les cuprates ont un comportement de métaux étranges (SM, en
anglais) en blanc. La figure est tirée de [62].
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The transport of heat and charge in the overdoped cuprate superconductor Tl2Ba2CuO6!! was
measured down to low temperature. In the normal state, obtained by applying a magnetic field greater
than the upper critical field, the Wiedemann-Franz law is verified to hold perfectly. In the super-
conducting state, a large residual linear term is observed in the thermal conductivity, in quantitative
agreement with BCS theory for a d-wave superconductor. This is compelling evidence that the electrons
in overdoped cuprates form a Fermi liquid, with no indication of spin-charge separation.
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A fundamental question about the rich and baffling
behavior of electrons in high-temperature superconduc-
tors is whether or not it can be understood in the frame-
work of Fermi-liquid (FL) theory, the standard theory of
electrons in solids. Several authors believe that when the
concentration of electronic carriers in these cuprate ma-
terials is sufficiently low, as in the so-called underdoped
region of the doping phase diagram, the basic excitations
of the electron system are not the usual Landau quasi-
particles characteristic of FL theory. In one class of
proposals [1–3], for example, the electron is thought to
fractionalize into a neutral spin-carrying excitation,
called a ‘‘spinon,’’ and a spinless charge-carrying exci-
tation, called a ‘‘holon’’ or ‘‘chargon.’’ However, to this
day, such ‘‘spin-charge separation’’ has not been con-
firmed experimentally. On the other hand, after 15 years
of intensive research it is still not known with any cer-
tainty whether or not the ground state of cuprates is a
Fermi liquid in any region of the phase diagram. It is
widely assumed that in the metallic-like overdoped re-
gime at high carrier concentration FL theory does hold,
but there is little solid evidence to support this lore.

In this Letter, we present the results of a study which
show that strongly overdoped cuprates do not undergo
spin-charge separation and their ground state is most
likely a Fermi liquid. By measuring the transport of
both heat and charge in the normal state at very low
temperature, we were able to verify that one hole-doped
cuprate in the overdoped regime obeys the Wiedemann-
Franz (WF) law. This universal law is a robust signature
of FL theory, stating simply that the electronic carriers of
heat are fermionic excitations of charge e. In addition, the
thermal conductivity in the superconducting state is found
to be in good agreement with BCS theory for a super-
conductor with a pure d-wave order parameter.

The particular compound chosen for this study is
Tl2Ba2CuO6!!, because it can easily be overdoped. In
many ways, it is the ideal cuprate material. Its crystal
structure is tetragonal, without the CuO chains that com-

plicate the properties of the orthorhombic compounds
YBa2Cu3O7"! (Y-123) and YBa2Cu4O8, or the buckling
that alters the unit cell of Bi2Sr2CaCu2O8 (Bi-2212). It is
made of a stack of single CuO2 planes and is therefore not
subject to possible bilayer effects such as encountered in
Bi-2212. It has a high maximum critical temperature
Tmax
c of 90 K, at optimal doping, much as in Y-123 and

Bi-2212. In this sense, it is free of the possible concerns
about the low Tc found in single-plane La2"xSrxCuO4
(LSCO). Finally, the dx2"y2 symmetry of its supercon-
ducting state has been confirmed by phase-sensitive meas-
urements, at least at optimal doping [4].

Mackenzie et al. measured the resistivity of a strongly
overdoped crystal of Tl-2201, with Tc # 15 K [5]. In zero
magnetic field, "$T% was found to follow roughly a power
law of T1:8 from room temperature down to Tc and
extrapolate to "0 ’ 7 #! cm at T # 0. The resistive
upper critical field at T ! 0, Hc2$0%, is between 12 and
16 T (for fields perpendicular to the conducting CuO2
planes, i.e., H k c), depending on the precise criterion.

The overdoped samples of Tl-2201 used in this study
were rectangular single crystals with typical dimensions
of 0.4 and 0.2 mm in the tetragonal basal plane and
10 #m along the c axis. The voltage pads had a width
of 25 #m and the spacing between the electrodes was
0.3 mm. They were grown by the same technique as used
by Mackenzie and co-workers in previous studies [5–7].
They have Tc ’ 15 K, in zero magnetic field. Using the
empirical formula Tc=Tmax

c # 1" 82:6$p" 0:16%2, this
translates into a carrier concentration of p #
0:26 hole=Cu atom. To obtain such critical temperatures,
the samples were annealed in 1 bar of flowing O2 at
350 &C for 2 days. The resistivity of our samples is essen-
tially identical to that obtained previously [5], with "0 #
5:6 #! cm. Both heat and charge transport were mea-
sured using the same contacts, made by diffusing silver
epoxy. A typical value for the contact resistance was
0:1 ! at 4 K. The thermal conductivity was measured
down to below 100 mK with a standard one-heater
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two-thermometer technique in a dilution refrigerator. The
magnetic field was applied along the c axis. The geomet-
ric factor used to convert from resistance (electrical or
thermal) to electrical resistivity ! or thermal conductiv-
ity " was set by requiring that !!300 K" # 180 #! cm,
the value obtained in previous studies of numerous crys-
tals with the same doping level [5–8]. The uncertainty on
this value is estimated at $10 #! cm.

The resistivity is shown in Fig. 1, for fields ranging
from zero to above Hc2!0". A slight positive magneto-
resistance is observed, in agreement with previous work
[7]. The resistivity below 30 K (and above Tc) is best fit by
the function ! # !0 % bT % cT2, with a substantial lin-
ear term (i.e., bT > cT2 for T < 15 K). The fitting pa-
rameters are !0!H" # 5:84, 5:99, and 6:15 #! cm at
H # 7, 10, and 13 T, respectively, and b #
0:064 #! cmK&1, c # 0:0054 #! cmK&2 at 13 T. This
unusual dependence was reported previously [8] and in-
terpreted as ‘‘non-Fermi-liquid’’ behavior, in the sense
that no linear term is expected in conventional FL theory.
Deviations from the standard T2 dependence have been
observed in a number of heavy-fermion materials, for
example, T1:2 in CePd2Si2 below 20 K [9]. In these ma-
terials, this is associated with the proximity to a quantum
critical point (QCP), where antiferromagnetic order sets
in as a function of pressure or chemical composition. In
the case of cuprates, the obvious QCP would be the onset
of superconductivity at a critical concentration pc close to
0:3 hole=Cu atom, but a QCP has also been postulated to
exist inside the superconducting region.

The thermal conductivity " is shown in Fig. 2. The data
are plotted as "=T vs T2 to separate the contribution of
electrons from that of phonons, given that the asymptotic
dependence of the former as T ! 0 is linear in T while
that of the latter is cubic. In other words, in Fig. 2, the
electronic contribution is the residual linear term "0=T
given by the intercept of a linear fit with the T # 0 axis.
The value of "0=T obtained in this way is 1.41, 2.76, 3.47,
3.75, 3.87, 3.90, 3.95, and 3:95 mWK&2 cm&1, at H #
0; 1; 2:5; 4; 5:5; 7; 10; and 13 T, respectively. As explained
above, the uncertainty on the overall absolute value is
approximately $5%. However, the relative uncertainty,
e.g., between different fields, is much lower, around 1%.
This high degree of reliability is due to the fact that in
these samples electrons conduct much better than pho-
nons, and hence the slope of "!T"=T in Fig. 2 is weak
relative to the intercept. Note that at high fields, electrons
scatter phonons very effectively and "!T" is entirely
electronic below 1 K.

Fundamentally, the linear term in " at T # 0 reveals
the presence of fermionic excitations in the electron sys-
tem. We can then ask whether these excitations carry
charge. This question can be addressed only in the ab-
sence of any superfluid that can also carry charge, which
amounts to testing the WF law in the normal state. This
law is one of the most fundamental properties of a Fermi
liquid, reflecting the fact that the ability of a quasiparticle
to transport energy is the same as its ability to transport
charge, provided it cannot lose energy through collisions.
It states that the heat conductivity " and the electrical
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FIG. 1. Electrical resistivity of Tl-2201 vs temperature for a
current in the basal plane at different values of the magnetic
field applied normal to the plane. All trace of superconductivity
has vanished by 13 T. Inset: !!T" at H # 13 T (filled symbols)
and 15 T (open symbols). The line is a fit of the 13 T data to the
functional form !!T" # !0 % bT % cT2.
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FIG. 2. Thermal conductivity of Tl-2201 for a heat current in
the basal plane, plotted as "=T vs T2, at different values of the
magnetic field applied normal to the plane. The thin lines are
linear fits to the data. The thick line is L0=!!T" where !!T" is a
fit to the resistivity at 13 T (see inset of Fig. 1).
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two-thermometer technique in a dilution refrigerator. The
magnetic field was applied along the c axis. The geomet-
ric factor used to convert from resistance (electrical or
thermal) to electrical resistivity ! or thermal conductiv-
ity " was set by requiring that !!300 K" # 180 #! cm,
the value obtained in previous studies of numerous crys-
tals with the same doping level [5–8]. The uncertainty on
this value is estimated at $10 #! cm.

The resistivity is shown in Fig. 1, for fields ranging
from zero to above Hc2!0". A slight positive magneto-
resistance is observed, in agreement with previous work
[7]. The resistivity below 30 K (and above Tc) is best fit by
the function ! # !0 % bT % cT2, with a substantial lin-
ear term (i.e., bT > cT2 for T < 15 K). The fitting pa-
rameters are !0!H" # 5:84, 5:99, and 6:15 #! cm at
H # 7, 10, and 13 T, respectively, and b #
0:064 #! cmK&1, c # 0:0054 #! cmK&2 at 13 T. This
unusual dependence was reported previously [8] and in-
terpreted as ‘‘non-Fermi-liquid’’ behavior, in the sense
that no linear term is expected in conventional FL theory.
Deviations from the standard T2 dependence have been
observed in a number of heavy-fermion materials, for
example, T1:2 in CePd2Si2 below 20 K [9]. In these ma-
terials, this is associated with the proximity to a quantum
critical point (QCP), where antiferromagnetic order sets
in as a function of pressure or chemical composition. In
the case of cuprates, the obvious QCP would be the onset
of superconductivity at a critical concentration pc close to
0:3 hole=Cu atom, but a QCP has also been postulated to
exist inside the superconducting region.

The thermal conductivity " is shown in Fig. 2. The data
are plotted as "=T vs T2 to separate the contribution of
electrons from that of phonons, given that the asymptotic
dependence of the former as T ! 0 is linear in T while
that of the latter is cubic. In other words, in Fig. 2, the
electronic contribution is the residual linear term "0=T
given by the intercept of a linear fit with the T # 0 axis.
The value of "0=T obtained in this way is 1.41, 2.76, 3.47,
3.75, 3.87, 3.90, 3.95, and 3:95 mWK&2 cm&1, at H #
0; 1; 2:5; 4; 5:5; 7; 10; and 13 T, respectively. As explained
above, the uncertainty on the overall absolute value is
approximately $5%. However, the relative uncertainty,
e.g., between different fields, is much lower, around 1%.
This high degree of reliability is due to the fact that in
these samples electrons conduct much better than pho-
nons, and hence the slope of "!T"=T in Fig. 2 is weak
relative to the intercept. Note that at high fields, electrons
scatter phonons very effectively and "!T" is entirely
electronic below 1 K.

Fundamentally, the linear term in " at T # 0 reveals
the presence of fermionic excitations in the electron sys-
tem. We can then ask whether these excitations carry
charge. This question can be addressed only in the ab-
sence of any superfluid that can also carry charge, which
amounts to testing the WF law in the normal state. This
law is one of the most fundamental properties of a Fermi
liquid, reflecting the fact that the ability of a quasiparticle
to transport energy is the same as its ability to transport
charge, provided it cannot lose energy through collisions.
It states that the heat conductivity " and the electrical
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FIG. 1. Electrical resistivity of Tl-2201 vs temperature for a
current in the basal plane at different values of the magnetic
field applied normal to the plane. All trace of superconductivity
has vanished by 13 T. Inset: !!T" at H # 13 T (filled symbols)
and 15 T (open symbols). The line is a fit of the 13 T data to the
functional form !!T" # !0 % bT % cT2.
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FIG. 2. Thermal conductivity of Tl-2201 for a heat current in
the basal plane, plotted as "=T vs T2, at different values of the
magnetic field applied normal to the plane. The thin lines are
linear fits to the data. The thick line is L0=!!T" where !!T" is a
fit to the resistivity at 13 T (see inset of Fig. 1).
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than the upper critical field, the Wiedemann-Franz law is verified to hold perfectly. In the super-
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A fundamental question about the rich and baffling
behavior of electrons in high-temperature superconduc-
tors is whether or not it can be understood in the frame-
work of Fermi-liquid (FL) theory, the standard theory of
electrons in solids. Several authors believe that when the
concentration of electronic carriers in these cuprate ma-
terials is sufficiently low, as in the so-called underdoped
region of the doping phase diagram, the basic excitations
of the electron system are not the usual Landau quasi-
particles characteristic of FL theory. In one class of
proposals [1–3], for example, the electron is thought to
fractionalize into a neutral spin-carrying excitation,
called a ‘‘spinon,’’ and a spinless charge-carrying exci-
tation, called a ‘‘holon’’ or ‘‘chargon.’’ However, to this
day, such ‘‘spin-charge separation’’ has not been con-
firmed experimentally. On the other hand, after 15 years
of intensive research it is still not known with any cer-
tainty whether or not the ground state of cuprates is a
Fermi liquid in any region of the phase diagram. It is
widely assumed that in the metallic-like overdoped re-
gime at high carrier concentration FL theory does hold,
but there is little solid evidence to support this lore.

In this Letter, we present the results of a study which
show that strongly overdoped cuprates do not undergo
spin-charge separation and their ground state is most
likely a Fermi liquid. By measuring the transport of
both heat and charge in the normal state at very low
temperature, we were able to verify that one hole-doped
cuprate in the overdoped regime obeys the Wiedemann-
Franz (WF) law. This universal law is a robust signature
of FL theory, stating simply that the electronic carriers of
heat are fermionic excitations of charge e. In addition, the
thermal conductivity in the superconducting state is found
to be in good agreement with BCS theory for a super-
conductor with a pure d-wave order parameter.

The particular compound chosen for this study is
Tl2Ba2CuO6!!, because it can easily be overdoped. In
many ways, it is the ideal cuprate material. Its crystal
structure is tetragonal, without the CuO chains that com-

plicate the properties of the orthorhombic compounds
YBa2Cu3O7"! (Y-123) and YBa2Cu4O8, or the buckling
that alters the unit cell of Bi2Sr2CaCu2O8 (Bi-2212). It is
made of a stack of single CuO2 planes and is therefore not
subject to possible bilayer effects such as encountered in
Bi-2212. It has a high maximum critical temperature
Tmax
c of 90 K, at optimal doping, much as in Y-123 and

Bi-2212. In this sense, it is free of the possible concerns
about the low Tc found in single-plane La2"xSrxCuO4
(LSCO). Finally, the dx2"y2 symmetry of its supercon-
ducting state has been confirmed by phase-sensitive meas-
urements, at least at optimal doping [4].

Mackenzie et al. measured the resistivity of a strongly
overdoped crystal of Tl-2201, with Tc # 15 K [5]. In zero
magnetic field, "$T% was found to follow roughly a power
law of T1:8 from room temperature down to Tc and
extrapolate to "0 ’ 7 #! cm at T # 0. The resistive
upper critical field at T ! 0, Hc2$0%, is between 12 and
16 T (for fields perpendicular to the conducting CuO2
planes, i.e., H k c), depending on the precise criterion.

The overdoped samples of Tl-2201 used in this study
were rectangular single crystals with typical dimensions
of 0.4 and 0.2 mm in the tetragonal basal plane and
10 #m along the c axis. The voltage pads had a width
of 25 #m and the spacing between the electrodes was
0.3 mm. They were grown by the same technique as used
by Mackenzie and co-workers in previous studies [5–7].
They have Tc ’ 15 K, in zero magnetic field. Using the
empirical formula Tc=Tmax

c # 1" 82:6$p" 0:16%2, this
translates into a carrier concentration of p #
0:26 hole=Cu atom. To obtain such critical temperatures,
the samples were annealed in 1 bar of flowing O2 at
350 &C for 2 days. The resistivity of our samples is essen-
tially identical to that obtained previously [5], with "0 #
5:6 #! cm. Both heat and charge transport were mea-
sured using the same contacts, made by diffusing silver
epoxy. A typical value for the contact resistance was
0:1 ! at 4 K. The thermal conductivity was measured
down to below 100 mK with a standard one-heater
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two-thermometer technique in a dilution refrigerator. The
magnetic field was applied along the c axis. The geomet-
ric factor used to convert from resistance (electrical or
thermal) to electrical resistivity ! or thermal conductiv-
ity " was set by requiring that !!300 K" # 180 #! cm,
the value obtained in previous studies of numerous crys-
tals with the same doping level [5–8]. The uncertainty on
this value is estimated at $10 #! cm.

The resistivity is shown in Fig. 1, for fields ranging
from zero to above Hc2!0". A slight positive magneto-
resistance is observed, in agreement with previous work
[7]. The resistivity below 30 K (and above Tc) is best fit by
the function ! # !0 % bT % cT2, with a substantial lin-
ear term (i.e., bT > cT2 for T < 15 K). The fitting pa-
rameters are !0!H" # 5:84, 5:99, and 6:15 #! cm at
H # 7, 10, and 13 T, respectively, and b #
0:064 #! cmK&1, c # 0:0054 #! cmK&2 at 13 T. This
unusual dependence was reported previously [8] and in-
terpreted as ‘‘non-Fermi-liquid’’ behavior, in the sense
that no linear term is expected in conventional FL theory.
Deviations from the standard T2 dependence have been
observed in a number of heavy-fermion materials, for
example, T1:2 in CePd2Si2 below 20 K [9]. In these ma-
terials, this is associated with the proximity to a quantum
critical point (QCP), where antiferromagnetic order sets
in as a function of pressure or chemical composition. In
the case of cuprates, the obvious QCP would be the onset
of superconductivity at a critical concentration pc close to
0:3 hole=Cu atom, but a QCP has also been postulated to
exist inside the superconducting region.

The thermal conductivity " is shown in Fig. 2. The data
are plotted as "=T vs T2 to separate the contribution of
electrons from that of phonons, given that the asymptotic
dependence of the former as T ! 0 is linear in T while
that of the latter is cubic. In other words, in Fig. 2, the
electronic contribution is the residual linear term "0=T
given by the intercept of a linear fit with the T # 0 axis.
The value of "0=T obtained in this way is 1.41, 2.76, 3.47,
3.75, 3.87, 3.90, 3.95, and 3:95 mWK&2 cm&1, at H #
0; 1; 2:5; 4; 5:5; 7; 10; and 13 T, respectively. As explained
above, the uncertainty on the overall absolute value is
approximately $5%. However, the relative uncertainty,
e.g., between different fields, is much lower, around 1%.
This high degree of reliability is due to the fact that in
these samples electrons conduct much better than pho-
nons, and hence the slope of "!T"=T in Fig. 2 is weak
relative to the intercept. Note that at high fields, electrons
scatter phonons very effectively and "!T" is entirely
electronic below 1 K.

Fundamentally, the linear term in " at T # 0 reveals
the presence of fermionic excitations in the electron sys-
tem. We can then ask whether these excitations carry
charge. This question can be addressed only in the ab-
sence of any superfluid that can also carry charge, which
amounts to testing the WF law in the normal state. This
law is one of the most fundamental properties of a Fermi
liquid, reflecting the fact that the ability of a quasiparticle
to transport energy is the same as its ability to transport
charge, provided it cannot lose energy through collisions.
It states that the heat conductivity " and the electrical
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FIG. 1. Electrical resistivity of Tl-2201 vs temperature for a
current in the basal plane at different values of the magnetic
field applied normal to the plane. All trace of superconductivity
has vanished by 13 T. Inset: !!T" at H # 13 T (filled symbols)
and 15 T (open symbols). The line is a fit of the 13 T data to the
functional form !!T" # !0 % bT % cT2.
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FIG. 2. Thermal conductivity of Tl-2201 for a heat current in
the basal plane, plotted as "=T vs T2, at different values of the
magnetic field applied normal to the plane. The thin lines are
linear fits to the data. The thick line is L0=!!T" where !!T" is a
fit to the resistivity at 13 T (see inset of Fig. 1).
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FIG. 2. Thermal conductivity of Tl-2201 for a heat current in
the basal plane, plotted as "=T vs T2, at different values of the
magnetic field applied normal to the plane. The thin lines are
linear fits to the data. The thick line is L0=!!T" where !!T" is a
fit to the resistivity at 13 T (see inset of Fig. 1).
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the basal plane, plotted as "=T vs T2, at different values of the
magnetic field applied normal to the plane. The thin lines are
linear fits to the data. The thick line is L0=!!T" where !!T" is a
fit to the resistivity at 13 T (see inset of Fig. 1).
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conductivity ! of a metal are related by a universal
constant:
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where T is the absolute temperature, kB is Boltzmann’s
constant, and L0 ! 2:44# 10$8 W!K$2 is
Sommerfeld’s value for the Lorenz ratio L " "=!T.
Theoretically, electrons are predicted to obey the WF
law at T ! 0 in a wide range of environments: in both
three and two dimensions (but not strictly in one dimen-
sion), for any strength of disorder and interaction [10],
scattering, and magnetic field [11]. Experimentally, the
WF law does appear to be universal at T ! 0: until
recently, no material had been reported to violate it.
The first exception was found in optimally doped
Pr2$xCexCuO4 (PCCO), an electron-doped cuprate [12].

It is in general difficult to test the WF law in cuprate
superconductors because of their high upper critical fields.
In our crystals, the superconductivity has completely
vanished by 13 T, at which field we find "0=T ! 3:95%
0:04 mWK$2 cm$1 and $0 ! 6:15% 0:03 %! cm, so
that L ! $0"0=T ! 0:99% 0:01L0, in perfect agreement
with the WF law. Note that the Lorenz ratio does not
suffer from the 5% uncertainty associated with the geo-
metric factor, as both transport measurements are per-
formed using the same sample with the same contacts.
The error bars are therefore on the order of 1%. In Fig. 2,
the transport of heat and charge are compared directly by
reproducing the charge conductivity at 13 T from Fig. 1.
This is done by plotting L0=$&T' vs T using the fit to the
13 T data for $&T' (inset of Fig. 1). The charge conduc-
tivity L0!&T' is seen to be equal to the heat conductivity
"&T'=T at 13 T.

The basic implication of this result is that the fermions
which carry heat also carry charge e and are therefore
indistinguishable from standard Landau quasiparticles.
In particular, there is no evidence of any spin-charge
separation. Indeed, if electrons were to fractionalize
into neutral spin-carrying fermions (spinons) and
charged bosons (chargons) [3], there would be no reason
to expect the WF law to hold, as the heat-carrying fer-
mions would not take part in the transport of charge. This
result therefore imposes a constraint on theories of spin-
charge separation (SCS): the critical hole concentration
pSCS at which electron fractionalization starts to occur is
not the QCP where superconductivity starts to occur (on
the overdoped side of the phase diagram), but can only be
lower. In other words, any hypothetical onset of SCS must
obey pSCS < 0:26< pc. It therefore appears that the
mechanism for superconductivity in this overdoped re-
gion of the phase diagram is not the condensation of
charge-e bosons, but most likely Cooper pairing. Note
that (barring any profound electron-hole asymmetry)
this conventional picture is expected to break down

with underdoping, as suggested by the violation of the
WF law in PCCO near optimal doping [12].

Although the standard FL description fails, as revealed
by the nonquadratic T dependence of $&T', the basic
nature of the electronic excitations in the limit of zero
energy is that of Landau FL quasiparticles. (A similar
situation is seen in heavy-fermion materials [13].)

In the absence of a magnetic field, there is a large
residual linear term in the thermal conductivity of Tl-
2201, namely, "0=T ! 1:41 mWK$2 cm$1. A similar
term has also been observed in other hole-doped cuprates,
albeit at optimal doping, where it is much smaller:
"0=T ! 0:14, 0:15, and 0:11 mWK$2 cm$1, in Y-123
[14], Bi-2212 [15,16], and LSCO [17], respectively.
Within BCS theory applied to a d-wave superconductor,
this residual heat conduction is expected, arising from
zero-energy quasiparticles induced by impurity scatter-
ing near the nodes in the dx2$y2 gap function. In the clean
limit, where the scattering rate " ( kBTc=#h, it is univer-
sal (in the sense that it is independent of "), and it depends
only on the ratio of the two quasiparticle velocities (vF
and v2) which govern the Dirac-like spectrum of nodal
quasiparticles, E ! #h
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where n is the number of CuO2 planes per unit cell of
height c (along the c axis), and ~kk1 and ~kk2 are unit vectors
pointing in directions normal and tangential to the Fermi
surface at the node, respectively. In other words, vF is the
Fermi velocity in the nodal direction and v2 is propor-
tional to the slope of the gap at the node, d$=d& !
#hkFv2, with kF the Fermi wave vector.

Applying Eq. (2) to Tl-2201, for which n ! 2 and c !
23:2 %A, we get vF=v2 ! 270. A rough estimate using
Fermi surface parameters typical of cuprates, namely,
vF ! 2:5# 107 cm=s and kF ! 0:7 %A$1 (the values mea-
sured in Bi-2212 [19]), and the simplest d-wave gap
function, $ ! $0cos2&, with the weak-coupling relation
for a d-wave superconductor, $0 ! 2:14kBTc, gives
vF=v2 ! 210. This shows that the magnitude of "0=T is
in good agreement with the simplest BCS analysis.

It should be recognized that even though the mean free
path in these samples is rather long (in the range
500–1000 %A [8]), the scattering rate " is not small com-
pared to Tc. It may be estimated using the standard
expression for the normal state conductivity: "N=T !
1
3'Nv2

F(, where 'N is the specific heat coefficient and ( !
1=&2"'. With 'N ’ 3 mJK$2 mole$1 [6] and vF ! 2:5#
107 cm=s, one gets #h" ’ 0:4kBTc. At finite ", corrections
to Eq. (2) give an increase in "0=T [20]. Assuming $0 !
2:14kBTc, the correction for #h"=kBTc ! 0:4 is by a factor
of approximately 1.5 [20]. Thus the correct value of vF=v2
is probably closer to 270=1:5 ! 180 [21].
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reproducing the charge conductivity at 13 T from Fig. 1.
This is done by plotting L0=$&T' vs T using the fit to the
13 T data for $&T' (inset of Fig. 1). The charge conduc-
tivity L0!&T' is seen to be equal to the heat conductivity
"&T'=T at 13 T.

The basic implication of this result is that the fermions
which carry heat also carry charge e and are therefore
indistinguishable from standard Landau quasiparticles.
In particular, there is no evidence of any spin-charge
separation. Indeed, if electrons were to fractionalize
into neutral spin-carrying fermions (spinons) and
charged bosons (chargons) [3], there would be no reason
to expect the WF law to hold, as the heat-carrying fer-
mions would not take part in the transport of charge. This
result therefore imposes a constraint on theories of spin-
charge separation (SCS): the critical hole concentration
pSCS at which electron fractionalization starts to occur is
not the QCP where superconductivity starts to occur (on
the overdoped side of the phase diagram), but can only be
lower. In other words, any hypothetical onset of SCS must
obey pSCS < 0:26< pc. It therefore appears that the
mechanism for superconductivity in this overdoped re-
gion of the phase diagram is not the condensation of
charge-e bosons, but most likely Cooper pairing. Note
that (barring any profound electron-hole asymmetry)
this conventional picture is expected to break down

with underdoping, as suggested by the violation of the
WF law in PCCO near optimal doping [12].

Although the standard FL description fails, as revealed
by the nonquadratic T dependence of $&T', the basic
nature of the electronic excitations in the limit of zero
energy is that of Landau FL quasiparticles. (A similar
situation is seen in heavy-fermion materials [13].)

In the absence of a magnetic field, there is a large
residual linear term in the thermal conductivity of Tl-
2201, namely, "0=T ! 1:41 mWK$2 cm$1. A similar
term has also been observed in other hole-doped cuprates,
albeit at optimal doping, where it is much smaller:
"0=T ! 0:14, 0:15, and 0:11 mWK$2 cm$1, in Y-123
[14], Bi-2212 [15,16], and LSCO [17], respectively.
Within BCS theory applied to a d-wave superconductor,
this residual heat conduction is expected, arising from
zero-energy quasiparticles induced by impurity scatter-
ing near the nodes in the dx2$y2 gap function. In the clean
limit, where the scattering rate " ( kBTc=#h, it is univer-
sal (in the sense that it is independent of "), and it depends
only on the ratio of the two quasiparticle velocities (vF
and v2) which govern the Dirac-like spectrum of nodal
quasiparticles, E ! #h
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where n is the number of CuO2 planes per unit cell of
height c (along the c axis), and ~kk1 and ~kk2 are unit vectors
pointing in directions normal and tangential to the Fermi
surface at the node, respectively. In other words, vF is the
Fermi velocity in the nodal direction and v2 is propor-
tional to the slope of the gap at the node, d$=d& !
#hkFv2, with kF the Fermi wave vector.

Applying Eq. (2) to Tl-2201, for which n ! 2 and c !
23:2 %A, we get vF=v2 ! 270. A rough estimate using
Fermi surface parameters typical of cuprates, namely,
vF ! 2:5# 107 cm=s and kF ! 0:7 %A$1 (the values mea-
sured in Bi-2212 [19]), and the simplest d-wave gap
function, $ ! $0cos2&, with the weak-coupling relation
for a d-wave superconductor, $0 ! 2:14kBTc, gives
vF=v2 ! 210. This shows that the magnitude of "0=T is
in good agreement with the simplest BCS analysis.

It should be recognized that even though the mean free
path in these samples is rather long (in the range
500–1000 %A [8]), the scattering rate " is not small com-
pared to Tc. It may be estimated using the standard
expression for the normal state conductivity: "N=T !
1
3'Nv2

F(, where 'N is the specific heat coefficient and ( !
1=&2"'. With 'N ’ 3 mJK$2 mole$1 [6] and vF ! 2:5#
107 cm=s, one gets #h" ’ 0:4kBTc. At finite ", corrections
to Eq. (2) give an increase in "0=T [20]. Assuming $0 !
2:14kBTc, the correction for #h"=kBTc ! 0:4 is by a factor
of approximately 1.5 [20]. Thus the correct value of vF=v2
is probably closer to 270=1:5 ! 180 [21].

VOLUME 89, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 30 SEPTEMBER 2002

147003-3 147003-3

conductivity ! of a metal are related by a universal
constant:

"
!T

! #2

3

!

kB
e

"

2
" L0; (1)

where T is the absolute temperature, kB is Boltzmann’s
constant, and L0 ! 2:44# 10$8 W!K$2 is
Sommerfeld’s value for the Lorenz ratio L " "=!T.
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recently, no material had been reported to violate it.
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with the WF law. Note that the Lorenz ratio does not
suffer from the 5% uncertainty associated with the geo-
metric factor, as both transport measurements are per-
formed using the same sample with the same contacts.
The error bars are therefore on the order of 1%. In Fig. 2,
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reproducing the charge conductivity at 13 T from Fig. 1.
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tivity L0!&T' is seen to be equal to the heat conductivity
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The basic implication of this result is that the fermions
which carry heat also carry charge e and are therefore
indistinguishable from standard Landau quasiparticles.
In particular, there is no evidence of any spin-charge
separation. Indeed, if electrons were to fractionalize
into neutral spin-carrying fermions (spinons) and
charged bosons (chargons) [3], there would be no reason
to expect the WF law to hold, as the heat-carrying fer-
mions would not take part in the transport of charge. This
result therefore imposes a constraint on theories of spin-
charge separation (SCS): the critical hole concentration
pSCS at which electron fractionalization starts to occur is
not the QCP where superconductivity starts to occur (on
the overdoped side of the phase diagram), but can only be
lower. In other words, any hypothetical onset of SCS must
obey pSCS < 0:26< pc. It therefore appears that the
mechanism for superconductivity in this overdoped re-
gion of the phase diagram is not the condensation of
charge-e bosons, but most likely Cooper pairing. Note
that (barring any profound electron-hole asymmetry)
this conventional picture is expected to break down

with underdoping, as suggested by the violation of the
WF law in PCCO near optimal doping [12].

Although the standard FL description fails, as revealed
by the nonquadratic T dependence of $&T', the basic
nature of the electronic excitations in the limit of zero
energy is that of Landau FL quasiparticles. (A similar
situation is seen in heavy-fermion materials [13].)

In the absence of a magnetic field, there is a large
residual linear term in the thermal conductivity of Tl-
2201, namely, "0=T ! 1:41 mWK$2 cm$1. A similar
term has also been observed in other hole-doped cuprates,
albeit at optimal doping, where it is much smaller:
"0=T ! 0:14, 0:15, and 0:11 mWK$2 cm$1, in Y-123
[14], Bi-2212 [15,16], and LSCO [17], respectively.
Within BCS theory applied to a d-wave superconductor,
this residual heat conduction is expected, arising from
zero-energy quasiparticles induced by impurity scatter-
ing near the nodes in the dx2$y2 gap function. In the clean
limit, where the scattering rate " ( kBTc=#h, it is univer-
sal (in the sense that it is independent of "), and it depends
only on the ratio of the two quasiparticle velocities (vF
and v2) which govern the Dirac-like spectrum of nodal
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where n is the number of CuO2 planes per unit cell of
height c (along the c axis), and ~kk1 and ~kk2 are unit vectors
pointing in directions normal and tangential to the Fermi
surface at the node, respectively. In other words, vF is the
Fermi velocity in the nodal direction and v2 is propor-
tional to the slope of the gap at the node, d$=d& !
#hkFv2, with kF the Fermi wave vector.

Applying Eq. (2) to Tl-2201, for which n ! 2 and c !
23:2 %A, we get vF=v2 ! 270. A rough estimate using
Fermi surface parameters typical of cuprates, namely,
vF ! 2:5# 107 cm=s and kF ! 0:7 %A$1 (the values mea-
sured in Bi-2212 [19]), and the simplest d-wave gap
function, $ ! $0cos2&, with the weak-coupling relation
for a d-wave superconductor, $0 ! 2:14kBTc, gives
vF=v2 ! 210. This shows that the magnitude of "0=T is
in good agreement with the simplest BCS analysis.

It should be recognized that even though the mean free
path in these samples is rather long (in the range
500–1000 %A [8]), the scattering rate " is not small com-
pared to Tc. It may be estimated using the standard
expression for the normal state conductivity: "N=T !
1
3'Nv2

F(, where 'N is the specific heat coefficient and ( !
1=&2"'. With 'N ’ 3 mJK$2 mole$1 [6] and vF ! 2:5#
107 cm=s, one gets #h" ’ 0:4kBTc. At finite ", corrections
to Eq. (2) give an increase in "0=T [20]. Assuming $0 !
2:14kBTc, the correction for #h"=kBTc ! 0:4 is by a factor
of approximately 1.5 [20]. Thus the correct value of vF=v2
is probably closer to 270=1:5 ! 180 [21].
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metric factor, as both transport measurements are per-
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The error bars are therefore on the order of 1%. In Fig. 2,
the transport of heat and charge are compared directly by
reproducing the charge conductivity at 13 T from Fig. 1.
This is done by plotting L0=$&T' vs T using the fit to the
13 T data for $&T' (inset of Fig. 1). The charge conduc-
tivity L0!&T' is seen to be equal to the heat conductivity
"&T'=T at 13 T.

The basic implication of this result is that the fermions
which carry heat also carry charge e and are therefore
indistinguishable from standard Landau quasiparticles.
In particular, there is no evidence of any spin-charge
separation. Indeed, if electrons were to fractionalize
into neutral spin-carrying fermions (spinons) and
charged bosons (chargons) [3], there would be no reason
to expect the WF law to hold, as the heat-carrying fer-
mions would not take part in the transport of charge. This
result therefore imposes a constraint on theories of spin-
charge separation (SCS): the critical hole concentration
pSCS at which electron fractionalization starts to occur is
not the QCP where superconductivity starts to occur (on
the overdoped side of the phase diagram), but can only be
lower. In other words, any hypothetical onset of SCS must
obey pSCS < 0:26< pc. It therefore appears that the
mechanism for superconductivity in this overdoped re-
gion of the phase diagram is not the condensation of
charge-e bosons, but most likely Cooper pairing. Note
that (barring any profound electron-hole asymmetry)
this conventional picture is expected to break down

with underdoping, as suggested by the violation of the
WF law in PCCO near optimal doping [12].

Although the standard FL description fails, as revealed
by the nonquadratic T dependence of $&T', the basic
nature of the electronic excitations in the limit of zero
energy is that of Landau FL quasiparticles. (A similar
situation is seen in heavy-fermion materials [13].)

In the absence of a magnetic field, there is a large
residual linear term in the thermal conductivity of Tl-
2201, namely, "0=T ! 1:41 mWK$2 cm$1. A similar
term has also been observed in other hole-doped cuprates,
albeit at optimal doping, where it is much smaller:
"0=T ! 0:14, 0:15, and 0:11 mWK$2 cm$1, in Y-123
[14], Bi-2212 [15,16], and LSCO [17], respectively.
Within BCS theory applied to a d-wave superconductor,
this residual heat conduction is expected, arising from
zero-energy quasiparticles induced by impurity scatter-
ing near the nodes in the dx2$y2 gap function. In the clean
limit, where the scattering rate " ( kBTc=#h, it is univer-
sal (in the sense that it is independent of "), and it depends
only on the ratio of the two quasiparticle velocities (vF
and v2) which govern the Dirac-like spectrum of nodal
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where n is the number of CuO2 planes per unit cell of
height c (along the c axis), and ~kk1 and ~kk2 are unit vectors
pointing in directions normal and tangential to the Fermi
surface at the node, respectively. In other words, vF is the
Fermi velocity in the nodal direction and v2 is propor-
tional to the slope of the gap at the node, d$=d& !
#hkFv2, with kF the Fermi wave vector.

Applying Eq. (2) to Tl-2201, for which n ! 2 and c !
23:2 %A, we get vF=v2 ! 270. A rough estimate using
Fermi surface parameters typical of cuprates, namely,
vF ! 2:5# 107 cm=s and kF ! 0:7 %A$1 (the values mea-
sured in Bi-2212 [19]), and the simplest d-wave gap
function, $ ! $0cos2&, with the weak-coupling relation
for a d-wave superconductor, $0 ! 2:14kBTc, gives
vF=v2 ! 210. This shows that the magnitude of "0=T is
in good agreement with the simplest BCS analysis.

It should be recognized that even though the mean free
path in these samples is rather long (in the range
500–1000 %A [8]), the scattering rate " is not small com-
pared to Tc. It may be estimated using the standard
expression for the normal state conductivity: "N=T !
1
3'Nv2

F(, where 'N is the specific heat coefficient and ( !
1=&2"'. With 'N ’ 3 mJK$2 mole$1 [6] and vF ! 2:5#
107 cm=s, one gets #h" ’ 0:4kBTc. At finite ", corrections
to Eq. (2) give an increase in "0=T [20]. Assuming $0 !
2:14kBTc, the correction for #h"=kBTc ! 0:4 is by a factor
of approximately 1.5 [20]. Thus the correct value of vF=v2
is probably closer to 270=1:5 ! 180 [21].
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2) Wiedemann-Franz law in cuprates
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The cuprate Nd-LSCO

The pseudogap phase



Six regions

1) Superconductivity

2) Mott insulator

3) Fermi liquid

4) Strange metal

5) Charge order

6) Pseudogap phase
Figure 2.9 Diagramme de phase température-dopage typique des cuprates dopés en trous.
À bas dopage, nous avons la phase antiferromagnétique (AF) isolante (en brun). La phase
pseudogap, délimitée par la température T

⇤ et le dopage critique p
⇤ est indiqué en jaune. À

dopage intermédiaire apparaît un ordre de charge nommé onde de densité de charge (ODC, ou
CDW en anglais) (en bleu). La phase supraconductrice se situe sous la température critique
Tc (ligne pointillée). À plus haut dopage, vers la fin du dôme supraconducteur, les cuprates
sont de relativement bons métaux décrits par la théorie de liquide de Fermi (FL, en anglais).
Autour du point critique p

⇤, les cuprates ont un comportement de métaux étranges (SM, en
anglais) en blanc. La figure est tirée de [62].
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6) Pseudogap phase below T*, below p*

a) ARPES — loss of spectral weight in AN regions 

b) STM — FS transformation across p*

c) Hall number — loss of carrier density

d) NMR — loss of density of states



6) Pseudogap phase below T*, below p*

a) ARPES — loss of spectral weight in AN regions 



6) Pseudogap phase below T*, below p*

a) ARPES — loss of spectral weight in AN regions 

(a) (b)

Figure 2.12 (a) Diagramme de phase du cuprate Nd-LSCO [69] (b) Le panneau de droite
montre l’ouverture d’un gap partiel dans la densité d’états pour les dopages inférieurs à
p
⇤ = 0.23. Toutes les mesures ont été prises à une température supérieure à Tc. Le panneau

de droite montre l’évolution de la densité d’état en fonction de la température au dopage
p = 0.20. Sous T

⇤, un gap partiel s’ouvre. Les données proviennent de [68].

des mesures de résonance magnétique nucléaire (RMN) dans YBCO [67]. Le déplacement
de Knight (Knight shift en anglais), déterminé par la susceptibilité de spin, est directement
relié à la densité d’états au niveau de Fermi. Pour un métal ordinaire, il est constant en
fonction de la température. Dans les cuprates, le déplacement de Knight montre une chute
en fonction de la température qui décroit. Cette chute n’est pas attribuée à Tc, puisqu’elle
apparaît à des températures beaucoup plus élevées, ainsi que pour de plus faibles dopages.
Cela est montré à la figure 2.11 dans le cas du cuprate Bi2Sr2�xLaxCuO6+� [66].

Une autre mesure caractéristique de la phase pseudogap a été obtenue par l’ARPES
(Angle-Resolved Photoemission Spectroscopy en anglais). Cette méthode permet de sonder
directement la densité d’états au niveau de Fermi, et ce pour différentes orientations dans
l’espace réciproque. Ces mesures ont permis de déterminer que cette perte de densité d’états
observée en RMN est située dans la région anti-nodale de la surface de Fermi [68]. La fi-
gure 2.12 (b) montre des résultats d’ARPES dans le cuprate Nd-LSCO en fonction du dopage
dans le panneau de gauche ainsi qu’en fonction de la température dans le panneau de droite.
Toutes les mesures sont dans l’état normal. Ainsi, sous une température T

⇤, il y a une tran-
sition dans le poids spectral qui s’apparente à l’ouverture d’un gap partiel. Cela est aussi
observé en fonction du dopage. Pour p < p

⇤, un gap partiel s’ouvre tandis que pour p = 0.23,
la densité d’état reste intacte.
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6) Pseudogap phase below T*, below p*

c) Hall number — loss of carrier density
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Fermi-surface reconstruction by AF order
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(0,0)

(π,π)

(b) Tc=30  K

(0,0)

(π,π)

(c) Tc=20  K

(0,0)

(π,π)

(a) VFS=63%

Figure 9. Fermi surfaces, in the projected 2D Brillouin zone, obtained from:
(a) band structure calculations (imposing a volume of 63% counting holes, as
observed by ARPES on Tl2201-OD30); our (b) ARPES experiments on the
Tc = 30 K sample (Tl2201-OD30); and (c) the AMRO study on a Tc = 20 K
Tl2201 crystal by Hussey et al [31]. The red line in (b) is the result of our tight-
binding fit ofARPES Fermi surface and dispersion; the width of the Fermi surface
contour in (c) reflects the magnitude of the c-axis dispersion, here emphasized by
a factor of four for clarity [31].

the occupied TlO states should be confined to a small volume around the ! point, the absence
of the TlO pocket in the present ARPES data might simply be the result of having carried out
the experiments at kz values larger than the Fermi wavevector along the c-axis. We checked this
possibility by acquiring 2D EF intensity maps by ARPES as a function of photon energy, which
allows one to study the evolution of the Fermi surface upon varying continuously the value of
kz; we have observed, however, no signature of the TlO spheroid over a wide range of photon
energies [59]. In conclusion, the Fermi surface determined from this procedure takes the form
of a large hole pocket centred at (π,π) with an area that occupies 63 ± 2% of the Brillouin zone,
corresponding to a carrier concentration of 1.26 ± 0.04 hole per Cu atom, or p = 0.26 ± 0.04
greater hole density than the half-filled Mott insulator with 1 hole per Cu atom (p = 0 in figure 1).
This result is in superb agreement with the recent study of the Fermi surface by angular dependent
magnetoresistance oscillation (AMRO) experiments [31], which found a hole-pocket volume of
62% of the Brillouin zone (p = 0.24) in a slightly more overdopedTc = 20 K sample (figure 9(a)).
The ARPES determination is also in good agreement with the estimates from low temperature
measurements of the Hall coefficient, which gave a hole doping of p = 0.30 holes/Cu for a
Tc ! 15 K sample [32].

As a quantitative measure of the shape of the Fermi surface and of the many-body
renormalized electronic dispersion, the Tl2201-OD30 ARPES data can be modelled by
the tight-binding formula εk = µ + t1

2 (cos kx + cos ky) + t2 cos kx cos ky + t3
2 (cos 2kx + cos 2ky) +

t4
2 (cos 2kx cos ky + cos kx cos 2ky) + t5 cos 2kx cos 2ky [60], setting a = 1 for the lattice constant.
With parameters µ = 0.2438, t1 = −0.725, t2 = 0.302, t3 = 0.0159, t4 = −0.0805, t5 =
0.0034, all expressed in eV, this dispersion reproduces both the Fermi surface shape (the solid red
line in figure 9(b)), and the QP energy at (0,0) and (π, 0) as seen in figures 8(c) and (d). It is worth
noting that experimentally the band bottom at (π, 0) is extremely flat, a behaviour that could not
be reproduced by including only t1 and t2 hopping parameters in the model. Alternatively, a
simple analytical formula for the 3D electronic dispersion of Tl2201 has recently been derived

New Journal of Physics 9 (2007) 28 (http://www.njp.org/)

Carrier density 
n = 1+p   —>   n = p



Bi2212; see fig. S3L). This indicates that the
inner planes are indeed very clean and have
carriers with long lifetimes; the suppression
of AF fluctuations may be another factor that
causes less scattering in the inner planes.
To confirm the same Fermi pockets by bulk

sensitive probes, we measured the de Haas–
vanAlphen effect (dHvA) (Fig. 2A and fig. S4B)
and the Shubnikov–de Haas effect (SdH) (fig.
S4A) through torque and contactless resistivity
measurements, respectively; both experiments
detected quantum oscillations, indicating two-
dimensional pockets (fig. S5). In the fast Fourier
transformation (FFT) spectra for dHvA (Fig.
2B), we find mainly two peaks at frequencies
F0 = 147 T and F1 = 318 T, which correspond
to the FS area covering 2.1 and 4.5% of the
Brillouin zone, respectively. Importantly, these
values almost perfectly agree with the ARPES
results (2.2 and 4.7%). The charge carriers are
found to always be hole type regardless of tem-
perature, with no sign inversion even at high
magnetic fields, as confirmed by the behavior
of Hall resistance against the magnetic field
[see fig. S6 and related discussion (21)]. There-
fore, the Fermi pockets captured by quantum
oscillations are the same as those detected
by ARPES, rather than the reconstructed FSs
with electron-type carriers as reported for
Y123 and Y124 (13).
We have also confirmed a good agreement

in the mass of conduction electrons: 0.69 m0

for IP0 and 0.74 m0 for IP1 by dHvA (fig. S4C)
and ~0.7 m0 for the two pockets by ARPES.
Another consistency is seen in the Dingle tem-
perature (TD), proportional to the scattering rate
(fig. S4D), and the inverse of themean free path
(l); the TD and l values are estimated to be
lower and longer, respectively, for the smaller
pocket (TD = 6.5 K, l = 210 Å) than those for
the larger pocket (TD = 11.8 K, l = 160 Å), which

is consistent with ARPES spectra showing
sharper peaks for the smaller pocket (Fig. 1D)
andwith the argument that IP0 is cleaner than
IP1. We also note that these values are compa-
rable to those of Y123 (TD = 6.2 K, l = 200 Å)
(10, 22) and lower and longer, respectively, than
those of Hg1201 (TD = 18 K, l = 85 Å) (12, 22),
which further verifies that the carriers of pro-
tected inner planes have an exceptionally high
mobility even in such a lightly doped regime.
Laser-ARPES with low-energy photons can-

not access the momentum region close to the
Brillouin zone boundary. Therefore, we have
used synchrotron light to determine the whole
band structure. Moreover, the photon ener-
gies (hn) are tunable in this setup, and thus
the band-selective measurement becomes
available with the matrix element effect in
photoemission, which can selectively enhance
or suppress ARPES intensities of a particular
band dispersion by choosing a proper photon
energy (23). We have fine-tuned the photon
energy in reference to previous research on a
Mott insulatorCa2CuO2Cl2 (CCOC),which dem-
onstrated that the spectral intensities for the
folded band are sensitive to the used photon
energy because of the matrix element effect
and could become even stronger than those of
themain band (4, 24). We find that hn of 70 eV
is best suited not only to observe the Fermi
pockets selectively by suppressing the Fermi
arc signal but also to enhance the ARPES in-
tensity for the back side of the pockets (Fig. 3,
A and C). Our data clearly exhibit a pocket
around (p/2, p/2); the two pockets observed
by laser-ARPES cannot be resolved separately
because of limited resolutions in the synchro-
tron ARPES.
The energy dispersion along (–p, p) to (p, –p)

crossing the pocket (Fig. 3B) can be contrasted
with the large parabolic dispersion seen at

hn = 100 eV (fig. S7B), which selectively ob-
serves the Fermi arc band (fig. S7, A to G). To
unveil the whole band shape for the Fermi
pockets, we also extracted the ARPES dis-
persion along AFZB over multiple Brillouin
zones (Fig. 3D); a periodic pattern has been
obtained. The band determined by a tight-
binding fit to our ARPES data is plotted in
Fig. 3E. We find that the saddle point at the
zone edge (25), a famous feature in cuprates,
is missing. Instead, a parabola disperses down
below –1 eV at (p, 0) (see Fig. 3D). Therefore,
the CDW and pseudogap states known to
emerge around (p, 0) with the energy scale of
~100meV (26–29) cannot develop in the inner
planes, which lack electrons required to gen-
erate these excitations in the band structure;
this is in stark contrast to the situation in the
outer planes, where the pseudogap opens
around (p, 0) as in other underdoped cuprates,
and thus the CDW state is likewise expected to
occur (30–32).
The band shape we observed is compatible

with that of Mott insulating CCOC (33) and
Sr2CuO2Cl2 (SCOC) (3); however, our sample
is metallic, and hence the chemical potential
crosses the lower Hubbard band (Fig. 3F). In
our sample, the bandwidth (W) is about 1.5 eV,
and a kink structure is observable around
–0.5 eV in the band dispersion (see Fig. 3, B
and D). Such a waterfall-like dispersion with
a large energy width of 1.3 to 2.0 eV has been
commonly observed in many cuprate com-
pounds (34), including the insulating CCOC
(W ~ 1.8 eV) with the lower Hubbard band
fully occupied (35). The Fermi pockets in the
carrier-doped Mott band of our sample seem
to persist above the Neel temperature TN

(~135 K), given that the temperature depen-
dence of the Hall coefficient (fig. S6C) exhibits
no notable variation across TN. This agrees
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Fig. 2. Small Fermi pockets revealed by quantum
oscillations. (A) Magnetic torque signals (dHvA) at
several temperatures where smooth backgrounds
are subtracted (21). The angle between the field
direction and the crystallographic c axis was set to
be 7° during the measurements. a.u., arbitrary units.
(B) The FFT spectra of the observed quantum
oscillations in (A). Arrows mark the two main peaks
(F0 and F1). The inset shows the area of the two
Fermi pockets, estimated by means of dHvA and
ARPES, as a percentage of the Brillouin zone area.
The small peaks other than F0 and F1 arise owing to
trivial reasons. For frequencies higher than F1, the
small peaks could represent higher harmonics of F0
and F1; however, the peak positions change with
temperature, indicating that these peaks must be
affected by or might even just be artifacts of noise in
the raw data. The small peaks below F0 are stable
with temperature but are sensitive to the method of background subtraction and thus are not intrinsic (see the raw data before background subtraction in fig. S4B);
we assumed a polynomial curve as the background for each quantum oscillation spectrum. Hence, artificial intensities of a wave-like structure with a
low frequency are inevitably left after background subtraction. Most importantly, we have confirmed that the frequencies of the two main peaks (F0 and F1)
are robust against both the noise in data and the method of background subtraction.

RESEARCH | REPORT

on August 17, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

Cuprate superconductors YBCO 2016  

Hall coefficient : drop in carrier density at p* 

Badoux	et	al.,	Nature	531,	210	(2016)	

H = 80 T 

p* 

Kunisada et al., Science 369, 833 (2020)Badoux et al., Nature 531, 210 (2016)

Fermi surface at low p - ARPES and quantum oscillations



(a) (b) (c)

Figure 2.14 (a) Diagramme de phases du cuprate Nd-LSCO. (b) Courbes de résistivité
en fonction de la température, normalisée à 75 K, dans Nd-LSCO pour différents dopages.
Sous T

⇤, indiquée par les flèches, on observe une déviation de la linéarité de la résistivité.
(c) Dépendance en température du nombre de porteurs par plan CuO2 en fonction de la
température dans l’état normal de YBCO [77] et Nd-LSCO [69]. On observe une transition
de n = p à n = 1 + p au dopage critique p

⇤. Les figures proviennent de [69].

Les mesures de l’effet Hall dans les cuprates ont permis de confirmer que la remontée de
la résistivité est associée à une perte de porteurs dans la phase pseudogap [77, 79, 72]. Dans
un modèle simple, le nombre de Hall nH = V/ (eRH) dans la limite T ! 0, correspond à la
densité de porteur de charge. Comme le montre la figure 2.14(c), la densité de porteurs par
atome de cuivre n passe de n = 1 + p dans l’état métallique (p > p

⇤) à n = p dans la phase
pseudogap (p < p

⇤). Ainsi, la remontée est une conséquence de cette perte de porteurs sous
p
⇤.

La nature métallique de la phase pseudogap a été mise en évidence par des mesures de
transport thermique, en vérifiant la loi de Wiedemann-Franz à T ! 0 [80]. La vérification
de cette loi implique qu’il existe des quasiparticules bien définies à T ! 0 transportant la
charge et la chaleur, dans la phase normale des cuprates. La phase pseudogap ne serait donc
pas une transition d’un état métallique vers un état isolant [78], mais bien une transition
d’un métal étrange vers un moins bon métal.

De toute évidence, la phase pseudogap est caractérisée par un point critique p⇤ et apparaît
sous une température T

⇤. Les résultats des mesures de transport supportent l’idée que la
phase pseudogap présente une chute dans la densité de porteurs (tel que montré par l’effet
Hall) ainsi qu’un comportement métallique (validé par la loi de WF). Même si ces évidences
expérimentales nous en apprennent beaucoup sur la nature de cette phase, son origine reste
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(a) (b)

Figure 2.12 (a) Diagramme de phase du cuprate Nd-LSCO [69] (b) Le panneau de droite
montre l’ouverture d’un gap partiel dans la densité d’états pour les dopages inférieurs à
p
⇤ = 0.23. Toutes les mesures ont été prises à une température supérieure à Tc. Le panneau

de droite montre l’évolution de la densité d’état en fonction de la température au dopage
p = 0.20. Sous T

⇤, un gap partiel s’ouvre. Les données proviennent de [68].

des mesures de résonance magnétique nucléaire (RMN) dans YBCO [67]. Le déplacement
de Knight (Knight shift en anglais), déterminé par la susceptibilité de spin, est directement
relié à la densité d’états au niveau de Fermi. Pour un métal ordinaire, il est constant en
fonction de la température. Dans les cuprates, le déplacement de Knight montre une chute
en fonction de la température qui décroit. Cette chute n’est pas attribuée à Tc, puisqu’elle
apparaît à des températures beaucoup plus élevées, ainsi que pour de plus faibles dopages.
Cela est montré à la figure 2.11 dans le cas du cuprate Bi2Sr2�xLaxCuO6+� [66].

Une autre mesure caractéristique de la phase pseudogap a été obtenue par l’ARPES
(Angle-Resolved Photoemission Spectroscopy en anglais). Cette méthode permet de sonder
directement la densité d’états au niveau de Fermi, et ce pour différentes orientations dans
l’espace réciproque. Ces mesures ont permis de déterminer que cette perte de densité d’états
observée en RMN est située dans la région anti-nodale de la surface de Fermi [68]. La fi-
gure 2.12 (b) montre des résultats d’ARPES dans le cuprate Nd-LSCO en fonction du dopage
dans le panneau de gauche ainsi qu’en fonction de la température dans le panneau de droite.
Toutes les mesures sont dans l’état normal. Ainsi, sous une température T

⇤, il y a une tran-
sition dans le poids spectral qui s’apparente à l’ouverture d’un gap partiel. Cela est aussi
observé en fonction du dopage. Pour p < p

⇤, un gap partiel s’ouvre tandis que pour p = 0.23,
la densité d’état reste intacte.
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Fermi-surface transformation across the pseudogap critical point of the cuprate superconductor
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The electrical resistivity ρ and Hall coefficient RH of the tetragonal single-layer cuprate La1.6−xNd0.4SrxCuO4

were measured in magnetic fields up to H = 37.5 T, large enough to access the normal state at T → 0, for closely
spaced dopings p across the pseudogap critical point at p" = 0.23. Below p", both coefficients exhibit an upturn
at low temperature, which gets more pronounced with decreasing p. Taken together, these upturns show that the
normal-state carrier density n at T = 0 drops upon entering the pseudogap phase. Quantitatively, it goes from
n = 1 + p at p = 0.24 to n = p at p = 0.20. By contrast, the mobility does not change appreciably, as revealed
by the magnetoresistance. Our data are in excellent agreement with recent high-field data on YBa2Cu3Oy and
La2−xSrxCuO4. The quantitative consistency across three different cuprates shows that a drop in carrier density
from 1 + p to p is a universal signature of the pseudogap transition at T = 0. We discuss the implication of these
findings for the nature of the pseudogap phase.

DOI: 10.1103/PhysRevB.95.224517

I. INTRODUCTION

After more than two decades, the pseudogap phase of
cuprate superconductors remains an enigma, the subject of
active debate. Most experimental studies so far have been
carried out either at high temperature, above the onset of
superconductivity at Tc, where signatures are typically broad,
or at low temperature, inside the superconducting phase,
where it is difficult to separate the pseudogap from the
superconducting gap. Experiments of a third kind are called
for: in the T = 0 limit, without superconductivity [1]. This
can be achieved by applying large magnetic fields to suppress
superconductivity.

Twenty years ago, Ando, Boebinger, and co-workers pio-
neered this approach with measurements of the electric resis-
tivity ρ(T ) in the cuprate La2−xSrxCuO4 (LSCO), using pulsed
fields up to 61 T [2,3]. They discovered an upturn in ρ(T ) at
low T , for hole concentrations (dopings) below p # 0.16.
The mechanism responsible for what was called a “metal-to-
insulator crossover” has remained unclear until very recently
[4] (see below). Later on, Hussey and co-workers showed that
ρ(T ) in LSCO decreases linearly as T → 0 at p = 0.18, and
up to p = 0.23 [5]. The critical doping below which an upturn
appears in the resistivity of LSCO is therefore p = 0.18.

Boebinger and co-workers also performed measurements
of the Hall coefficient RH, again in fields up to 60 T, in
both Bi2La2−xSrxCuO6+δ(Bi-2201) [6] and LSCO [7]. These
revealed a small anomaly at low T , in the form of a peak in

*clement.collignon@usherbrooke.ca
†Present address: Department of Physics, McGill University, 3600
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the (positive) Hall number nH ∼ 1/RH, located at p # 0.17.
An explanation for this anomaly has yet to be found.

Starting in 2007, high-field Hall measurements in
YBa2Cu3Oy (YBCO), also up to 60 T, revealed that RH is
deeply negative at T → 0 in the doping range 0.08 < p <
0.16 [8,9]. Quantum oscillations observed in that same range
[10–12] have been interpreted in terms of a small electron
pocket in the Fermi surface, attributed to a reconstruction
caused by some density-wave order [13,14]. Subsequent
studies showed that this Fermi-surface reconstruction (FSR) is
caused by charge-density-wave (CDW) modulations, detected
by nuclear magnetic resonance (NMR) [15–17] and x-ray
diffraction (XRD) [18–20] in the same doping range [21,22].

Recently, Hall measurements in YBCO were extended to
higher doping by using fields up to 88 T [23]. Two findings
were made. First, the FSR ends at p = 0.16 ± 0.005, as does
the CDW phase (in zero field) [21,22]. This means that
the critical doping for CDW order, pCDW = 0.16 ± 0.005,
is distinctly lower than the pseudogap critical point, which
in YBCO is located at p" = 0.19 ± 0.01 [24]. A similar
separation of normal-state critical points was also found
in LSCO from high-field Seebeck measurements [25], with
pCDW = 0.15 ± 0.005 and p" = 0.18 [4]. The implication is
that the pseudogap phase is distinct from the CDW phase.
The pseudogap is not a high-temperature precursor of the
low-temperature charge order, for example. However, CDW
order may well be a secondary instability of the pseudogap
phase, once the latter has set in [26].

The second finding in YBCO is a dramatic drop in nH as
doping is decreased below p" [23]. This drop was attributed
to a decrease in carrier density n, from n = 1 + p at p > p"

to n = p at p < p". Based on this insight, it was recently
demonstrated that the upturn in the resistivity of LSCO can
be accounted for quantitatively, thereby resolving the 20-year-

2469-9950/2017/95(22)/224517(12) 224517-1 ©2017 American Physical Society
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Wiedemann-Franz Law and Abrupt Change in Conductivity
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The thermal conductivity κ of the cuprate superconductor La1.6−xNd0.4SrxCuO4 was measured down to
50 mK in seven crystals with doping from p ¼ 0.12 to p ¼ 0.24, both in the superconducting state and in
the magnetic field-induced normal state. We obtain the electronic residual linear term κ0=T as T → 0 across
the pseudogap critical point p⋆ ¼ 0.23. In the normal state, we observe an abrupt drop in κ0=T upon
crossing below p⋆, consistent with a drop in carrier density n from 1þ p to p, the signature of the
pseudogap phase inferred from the Hall coefficient. A similar drop in κ0=T is observed at H ¼ 0, showing
that the pseudogap critical point and its signatures are unaffected by the magnetic field. In the normal state,
the Wiedemann-Franz law, κ0=T ¼ L0=ρð0Þ, is obeyed at all dopings, including at the critical point where
the electrical resistivity ρðTÞ is T linear down to T → 0. We conclude that the nonsuperconducting ground
state of the pseudogap phase at T ¼ 0 is a metal whose fermionic excitations carry heat and charge as
conventional electrons do.

DOI: 10.1103/PhysRevX.8.041010 Subject Areas: Condensed Matter Physics,
Strongly Correlated Materials,
Superconductivity

I. INTRODUCTION

Cuprate high-temperature superconductors exhibit a
variety of correlated phases that interact with each other
and with superconductivity, and understanding their asso-
ciated complex phase diagram is a central challenge of
condensed matter physics [1]. The chief mystery is the
pseudogap phase [2,3], a phase that appears to break a
number of symmetries, such as time reversal [4,5] and
fourfold rotation [6,7], below a temperature T⋆, but whose
fundamental nature is still unclear. Several questions
pertain to the critical doping p⋆ at which the pseudogap
phase ends at T ¼ 0 [8]. At p⋆, the electrical resistivity
remains T linear as T → 0 [9,10] (Fig. 1). Does this imply a

breakdown of the quasiparticle picture for the charge
carriers? Upon crossing below p⋆, the Hall number nH
measured in the normal state of YBa2Cu3Oy (YBCO),
reached by applying a large magnetic field, is seen to drop
dramatically [11], showing that the Fermi surface under-
goes a rapid transformation upon entering the pseudogap
phase. The drop in nH has been attributed to a drop in
carrier density n, from n ¼ 1þ p above p⋆ to n ¼ p below,
and explained in terms of a state that breaks translational
symmetry [12–15], or not [12,16,17]. Alternatively, the
drop in nH has been attributed to a nematic deformation of
the Fermi surface [18].
Below p⋆, the electrical resistivity ρðTÞ measured in the

normal state of La2−xSrxCuO4 (LSCO) down to low temper-
ature, reached by applying a large magnetic field, increases
dramatically as T → 0 [21]. Originally interpreted in terms
of a metal-to-insulator crossover, the low-T upturn in ρðTÞ
has recently been attributed to a loss of carrier density below
T⋆ [22]. Is the upturn in ρðTÞ the result of localization or loss
of carriers? Are these various properties of charge transport
measured in the presence of large magnetic fields the faithful
signatures of the pseudogap phase unaltered by the field? Is
the field a significant perturbation of the normal state itself?
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Here we address these questions with measurements
of heat transport in La1.6−xNd0.4SrxCuO4 (Nd-LSCO), a
single-layer cuprate superconductor with a low critical
temperature Tc and critical field Hc2, such that super-
conductivity can readily be suppressed with static fields
down to T → 0. In Fig. 1(a), the pseudogap phase of Nd-
LSCO is delineated by its temperature T⋆, defined as the
temperature below which ρðTÞ departs from its T-linear
behavior at high temperature [Fig. 1(b)], in agreement with
spectroscopic measurements of the pseudogap [20]. It ends
at p⋆ ¼ 0.23$ 0.01. At p ¼ 0.24, ρðTÞ is seen to remain T
linear down to T → 0 [Fig. 1(b)]. Hall measurements in
Nd-LSCO find that nH ≃ 1þ p at p ¼ 0.24 > p⋆ and

nH ≃ p at p ¼ 0.20 < p⋆ [19], in good agreement with
YBCO [11].
The thermal conductivity κ of Nd-LSCO was measured

down to 50 mK in seven crystals, with p ranging from 0.12
to 0.24 (see Table I). In summary, we find that the
Wiedemann-Franz (WF) law is satisfied in the T ¼ 0 limit
in the normal state of Nd-LSCO at all dopings. This shows
that well-defined quasiparticles exist even at p⋆ and the
pseudogap phase is a metal whose fermionic quasiparticles
carry heat and charge as conventional electrons do. A large
drop in the electronic thermal conductivity κ0=T is
observed upon crossing below p⋆, consistent with a drop
of carrier density from n ≃ 1þ p to n ≃ p. Because a very
similar decrease is seen in zero field, we conclude that the
field does not affect the pseudogap phase or its transport
signatures (other than by suppressing superconductivity).

II. METHODS

The thermal conductivity was measured on the same
five single crystals of Nd-LSCO used in our previous study
of electrical transport [19], with p ¼ 0.20, 0.21, 0.22, 0.23,
and 0.24. Details of the sample and contact preparation
can be found there. Typical x-ray diffraction and magne-
tometry data on our samples are shown in Supplemental
Material (SM) (Figs. S1 and S2) [23], confirming the
absence of impurity phases. In addition, similarly prepared
samples with p ¼ 0.12 and 0.15 were measured. The Tc
values for all samples are listed in Table I. The thermal
conductivity was measured in the field-cooled state in a
dilution refrigerator over the range 50 mK to 1.0 K, using a

TABLE I. Doping p, superconducting Tc, residual electronic
term κ0=T at H ¼ 15 T (Fig. 3), normal-state resistivity ρð0Þ as
T → 0 at H ¼ 15 T (see text), ratio L0=ρð0Þ, and residual
resistivity ρ0 (see text) for all our measured Nd-LSCO samples.
For p ¼ 0.24, the values are at H ¼ 16 T, except Tc, which is in
zero field. The uncertainty on κ0=T comes from the fits (Fig. 3) and
is$0.01 mW=K2 cm for all samples. The error bar on ρð0Þ comes
from the extrapolation to T ¼ 0 andH ¼ 15 T, and is estimated to
be$5 μΩ cm. The uncertainty on L0=ρð0Þ is calculated based on
this error. The uncertainty on ρ0 comes from the high-temperature
linear-T fits (Fig. 1) and is $2 μΩ cm. For p ¼ 0.24, the error on
ρð0Þ ¼ ρ0 is $0.5 μΩ cm, owing to the extended linear-T regime
down to low temperature. Note that the uncertainty on the geo-
metric factor of samples is not included in the errors quoted here.
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FIG. 1. (a) Temperature-doping phase diagram of Nd-LSCO,
showing the superconducting Tc (gray dome) and the pseudogap
temperature T⋆ extracted from the electrical resistivity (red dots,
Ref. [19]) and from angle-resolved photoemission spectroscopy (red
square,Ref. [20]). The reddiamondmarks thepositionofp⋆ ¼ 0.23,
the doping for the onset of the pseudogap phase in Nd-LSCO. The
red dashed line is a guide to the eye. (b) Electrical resistivity vs
temperature for Nd-LSCO at p ¼ 0.22 and 0.24, at H ¼ 0 (gray
data) and in the normal state atH ¼ 33 T (colored). The pseudogap
temperature T⋆ (arrow) is defined as the temperature below which
ρðTÞ deviates from its T-linear behavior at high temperature (black
line). Here, T⋆ ¼ 50 K at p ¼ 0.22, and T⋆ ¼ 0 at p ¼ 0.24.
(c) Electrical resistivity of Nd-LSCO at p ¼ 0.24 and H ¼ 16 T
(blue) with a linear fit (black line). The red dot is L0=ðκ0=TÞ, with
κ0=T measured in the same sample at H ¼ 15 T (Fig. 2), showing
that the Wiedemann-Franz law is perfectly satisfied.
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Here we address these questions with measurements
of heat transport in La1.6−xNd0.4SrxCuO4 (Nd-LSCO), a
single-layer cuprate superconductor with a low critical
temperature Tc and critical field Hc2, such that super-
conductivity can readily be suppressed with static fields
down to T → 0. In Fig. 1(a), the pseudogap phase of Nd-
LSCO is delineated by its temperature T⋆, defined as the
temperature below which ρðTÞ departs from its T-linear
behavior at high temperature [Fig. 1(b)], in agreement with
spectroscopic measurements of the pseudogap [20]. It ends
at p⋆ ¼ 0.23$ 0.01. At p ¼ 0.24, ρðTÞ is seen to remain T
linear down to T → 0 [Fig. 1(b)]. Hall measurements in
Nd-LSCO find that nH ≃ 1þ p at p ¼ 0.24 > p⋆ and

nH ≃ p at p ¼ 0.20 < p⋆ [19], in good agreement with
YBCO [11].
The thermal conductivity κ of Nd-LSCO was measured

down to 50 mK in seven crystals, with p ranging from 0.12
to 0.24 (see Table I). In summary, we find that the
Wiedemann-Franz (WF) law is satisfied in the T ¼ 0 limit
in the normal state of Nd-LSCO at all dopings. This shows
that well-defined quasiparticles exist even at p⋆ and the
pseudogap phase is a metal whose fermionic quasiparticles
carry heat and charge as conventional electrons do. A large
drop in the electronic thermal conductivity κ0=T is
observed upon crossing below p⋆, consistent with a drop
of carrier density from n ≃ 1þ p to n ≃ p. Because a very
similar decrease is seen in zero field, we conclude that the
field does not affect the pseudogap phase or its transport
signatures (other than by suppressing superconductivity).

II. METHODS

The thermal conductivity was measured on the same
five single crystals of Nd-LSCO used in our previous study
of electrical transport [19], with p ¼ 0.20, 0.21, 0.22, 0.23,
and 0.24. Details of the sample and contact preparation
can be found there. Typical x-ray diffraction and magne-
tometry data on our samples are shown in Supplemental
Material (SM) (Figs. S1 and S2) [23], confirming the
absence of impurity phases. In addition, similarly prepared
samples with p ¼ 0.12 and 0.15 were measured. The Tc
values for all samples are listed in Table I. The thermal
conductivity was measured in the field-cooled state in a
dilution refrigerator over the range 50 mK to 1.0 K, using a

TABLE I. Doping p, superconducting Tc, residual electronic
term κ0=T at H ¼ 15 T (Fig. 3), normal-state resistivity ρð0Þ as
T → 0 at H ¼ 15 T (see text), ratio L0=ρð0Þ, and residual
resistivity ρ0 (see text) for all our measured Nd-LSCO samples.
For p ¼ 0.24, the values are at H ¼ 16 T, except Tc, which is in
zero field. The uncertainty on κ0=T comes from the fits (Fig. 3) and
is$0.01 mW=K2 cm for all samples. The error bar on ρð0Þ comes
from the extrapolation to T ¼ 0 andH ¼ 15 T, and is estimated to
be$5 μΩ cm. The uncertainty on L0=ρð0Þ is calculated based on
this error. The uncertainty on ρ0 comes from the high-temperature
linear-T fits (Fig. 1) and is $2 μΩ cm. For p ¼ 0.24, the error on
ρð0Þ ¼ ρ0 is $0.5 μΩ cm, owing to the extended linear-T regime
down to low temperature. Note that the uncertainty on the geo-
metric factor of samples is not included in the errors quoted here.
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FIG. 1. (a) Temperature-doping phase diagram of Nd-LSCO,
showing the superconducting Tc (gray dome) and the pseudogap
temperature T⋆ extracted from the electrical resistivity (red dots,
Ref. [19]) and from angle-resolved photoemission spectroscopy (red
square,Ref. [20]). The reddiamondmarks thepositionofp⋆ ¼ 0.23,
the doping for the onset of the pseudogap phase in Nd-LSCO. The
red dashed line is a guide to the eye. (b) Electrical resistivity vs
temperature for Nd-LSCO at p ¼ 0.22 and 0.24, at H ¼ 0 (gray
data) and in the normal state atH ¼ 33 T (colored). The pseudogap
temperature T⋆ (arrow) is defined as the temperature below which
ρðTÞ deviates from its T-linear behavior at high temperature (black
line). Here, T⋆ ¼ 50 K at p ¼ 0.22, and T⋆ ¼ 0 at p ¼ 0.24.
(c) Electrical resistivity of Nd-LSCO at p ¼ 0.24 and H ¼ 16 T
(blue) with a linear fit (black line). The red dot is L0=ðκ0=TÞ, with
κ0=T measured in the same sample at H ¼ 15 T (Fig. 2), showing
that the Wiedemann-Franz law is perfectly satisfied.
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Strange metal phase

Figure 2.9 Diagramme de phase température-dopage typique des cuprates dopés en trous.
À bas dopage, nous avons la phase antiferromagnétique (AF) isolante (en brun). La phase
pseudogap, délimitée par la température T

⇤ et le dopage critique p
⇤ est indiqué en jaune. À

dopage intermédiaire apparaît un ordre de charge nommé onde de densité de charge (ODC, ou
CDW en anglais) (en bleu). La phase supraconductrice se situe sous la température critique
Tc (ligne pointillée). À plus haut dopage, vers la fin du dôme supraconducteur, les cuprates
sont de relativement bons métaux décrits par la théorie de liquide de Fermi (FL, en anglais).
Autour du point critique p

⇤, les cuprates ont un comportement de métaux étranges (SM, en
anglais) en blanc. La figure est tirée de [62].
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Here we address these questions with measurements
of heat transport in La1.6−xNd0.4SrxCuO4 (Nd-LSCO), a
single-layer cuprate superconductor with a low critical
temperature Tc and critical field Hc2, such that super-
conductivity can readily be suppressed with static fields
down to T → 0. In Fig. 1(a), the pseudogap phase of Nd-
LSCO is delineated by its temperature T⋆, defined as the
temperature below which ρðTÞ departs from its T-linear
behavior at high temperature [Fig. 1(b)], in agreement with
spectroscopic measurements of the pseudogap [20]. It ends
at p⋆ ¼ 0.23$ 0.01. At p ¼ 0.24, ρðTÞ is seen to remain T
linear down to T → 0 [Fig. 1(b)]. Hall measurements in
Nd-LSCO find that nH ≃ 1þ p at p ¼ 0.24 > p⋆ and

nH ≃ p at p ¼ 0.20 < p⋆ [19], in good agreement with
YBCO [11].
The thermal conductivity κ of Nd-LSCO was measured

down to 50 mK in seven crystals, with p ranging from 0.12
to 0.24 (see Table I). In summary, we find that the
Wiedemann-Franz (WF) law is satisfied in the T ¼ 0 limit
in the normal state of Nd-LSCO at all dopings. This shows
that well-defined quasiparticles exist even at p⋆ and the
pseudogap phase is a metal whose fermionic quasiparticles
carry heat and charge as conventional electrons do. A large
drop in the electronic thermal conductivity κ0=T is
observed upon crossing below p⋆, consistent with a drop
of carrier density from n ≃ 1þ p to n ≃ p. Because a very
similar decrease is seen in zero field, we conclude that the
field does not affect the pseudogap phase or its transport
signatures (other than by suppressing superconductivity).

II. METHODS

The thermal conductivity was measured on the same
five single crystals of Nd-LSCO used in our previous study
of electrical transport [19], with p ¼ 0.20, 0.21, 0.22, 0.23,
and 0.24. Details of the sample and contact preparation
can be found there. Typical x-ray diffraction and magne-
tometry data on our samples are shown in Supplemental
Material (SM) (Figs. S1 and S2) [23], confirming the
absence of impurity phases. In addition, similarly prepared
samples with p ¼ 0.12 and 0.15 were measured. The Tc
values for all samples are listed in Table I. The thermal
conductivity was measured in the field-cooled state in a
dilution refrigerator over the range 50 mK to 1.0 K, using a

TABLE I. Doping p, superconducting Tc, residual electronic
term κ0=T at H ¼ 15 T (Fig. 3), normal-state resistivity ρð0Þ as
T → 0 at H ¼ 15 T (see text), ratio L0=ρð0Þ, and residual
resistivity ρ0 (see text) for all our measured Nd-LSCO samples.
For p ¼ 0.24, the values are at H ¼ 16 T, except Tc, which is in
zero field. The uncertainty on κ0=T comes from the fits (Fig. 3) and
is$0.01 mW=K2 cm for all samples. The error bar on ρð0Þ comes
from the extrapolation to T ¼ 0 andH ¼ 15 T, and is estimated to
be$5 μΩ cm. The uncertainty on L0=ρð0Þ is calculated based on
this error. The uncertainty on ρ0 comes from the high-temperature
linear-T fits (Fig. 1) and is $2 μΩ cm. For p ¼ 0.24, the error on
ρð0Þ ¼ ρ0 is $0.5 μΩ cm, owing to the extended linear-T regime
down to low temperature. Note that the uncertainty on the geo-
metric factor of samples is not included in the errors quoted here.

p
Tc
(K)

κ0=T
(mW=K2 cm)

ρð0Þ
(μΩ cm)

L0=ρð0Þ
(mW=K2 cm)

ρ0
(μΩ cm)

0.12 5.0 0.036 600 0.041 & & &
0.15 14.5 0.045 445 0.055 & & &
0.20 15.5 0.105 229 0.106 46
0.21 15.0 0.083 253 0.096 59
0.22 14.7 0.184 138 0.177 29
0.23 12.4 0.410 60 0.410 43
0.24 10.7 1.144 21.4 1.140 21.4

0 25 50 75 100
0

50

100

150

0 10 20 30 40 50 60
0

25

50

75

H = 33 T

T *

p = 0.24

p = 0.22

T (K) T (K)

(µ
cm

)

Nd-LSCO H = 16 T
p = 0.24

Nd-LSCO

(b) (c)

(a)

T

T

FIG. 1. (a) Temperature-doping phase diagram of Nd-LSCO,
showing the superconducting Tc (gray dome) and the pseudogap
temperature T⋆ extracted from the electrical resistivity (red dots,
Ref. [19]) and from angle-resolved photoemission spectroscopy (red
square,Ref. [20]). The reddiamondmarks thepositionofp⋆ ¼ 0.23,
the doping for the onset of the pseudogap phase in Nd-LSCO. The
red dashed line is a guide to the eye. (b) Electrical resistivity vs
temperature for Nd-LSCO at p ¼ 0.22 and 0.24, at H ¼ 0 (gray
data) and in the normal state atH ¼ 33 T (colored). The pseudogap
temperature T⋆ (arrow) is defined as the temperature below which
ρðTÞ deviates from its T-linear behavior at high temperature (black
line). Here, T⋆ ¼ 50 K at p ¼ 0.22, and T⋆ ¼ 0 at p ¼ 0.24.
(c) Electrical resistivity of Nd-LSCO at p ¼ 0.24 and H ¼ 16 T
(blue) with a linear fit (black line). The red dot is L0=ðκ0=TÞ, with
κ0=T measured in the same sample at H ¼ 15 T (Fig. 2), showing
that the Wiedemann-Franz law is perfectly satisfied.
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Here we address these questions with measurements
of heat transport in La1.6−xNd0.4SrxCuO4 (Nd-LSCO), a
single-layer cuprate superconductor with a low critical
temperature Tc and critical field Hc2, such that super-
conductivity can readily be suppressed with static fields
down to T → 0. In Fig. 1(a), the pseudogap phase of Nd-
LSCO is delineated by its temperature T⋆, defined as the
temperature below which ρðTÞ departs from its T-linear
behavior at high temperature [Fig. 1(b)], in agreement with
spectroscopic measurements of the pseudogap [20]. It ends
at p⋆ ¼ 0.23$ 0.01. At p ¼ 0.24, ρðTÞ is seen to remain T
linear down to T → 0 [Fig. 1(b)]. Hall measurements in
Nd-LSCO find that nH ≃ 1þ p at p ¼ 0.24 > p⋆ and

nH ≃ p at p ¼ 0.20 < p⋆ [19], in good agreement with
YBCO [11].
The thermal conductivity κ of Nd-LSCO was measured

down to 50 mK in seven crystals, with p ranging from 0.12
to 0.24 (see Table I). In summary, we find that the
Wiedemann-Franz (WF) law is satisfied in the T ¼ 0 limit
in the normal state of Nd-LSCO at all dopings. This shows
that well-defined quasiparticles exist even at p⋆ and the
pseudogap phase is a metal whose fermionic quasiparticles
carry heat and charge as conventional electrons do. A large
drop in the electronic thermal conductivity κ0=T is
observed upon crossing below p⋆, consistent with a drop
of carrier density from n ≃ 1þ p to n ≃ p. Because a very
similar decrease is seen in zero field, we conclude that the
field does not affect the pseudogap phase or its transport
signatures (other than by suppressing superconductivity).

II. METHODS

The thermal conductivity was measured on the same
five single crystals of Nd-LSCO used in our previous study
of electrical transport [19], with p ¼ 0.20, 0.21, 0.22, 0.23,
and 0.24. Details of the sample and contact preparation
can be found there. Typical x-ray diffraction and magne-
tometry data on our samples are shown in Supplemental
Material (SM) (Figs. S1 and S2) [23], confirming the
absence of impurity phases. In addition, similarly prepared
samples with p ¼ 0.12 and 0.15 were measured. The Tc
values for all samples are listed in Table I. The thermal
conductivity was measured in the field-cooled state in a
dilution refrigerator over the range 50 mK to 1.0 K, using a

TABLE I. Doping p, superconducting Tc, residual electronic
term κ0=T at H ¼ 15 T (Fig. 3), normal-state resistivity ρð0Þ as
T → 0 at H ¼ 15 T (see text), ratio L0=ρð0Þ, and residual
resistivity ρ0 (see text) for all our measured Nd-LSCO samples.
For p ¼ 0.24, the values are at H ¼ 16 T, except Tc, which is in
zero field. The uncertainty on κ0=T comes from the fits (Fig. 3) and
is$0.01 mW=K2 cm for all samples. The error bar on ρð0Þ comes
from the extrapolation to T ¼ 0 andH ¼ 15 T, and is estimated to
be$5 μΩ cm. The uncertainty on L0=ρð0Þ is calculated based on
this error. The uncertainty on ρ0 comes from the high-temperature
linear-T fits (Fig. 1) and is $2 μΩ cm. For p ¼ 0.24, the error on
ρð0Þ ¼ ρ0 is $0.5 μΩ cm, owing to the extended linear-T regime
down to low temperature. Note that the uncertainty on the geo-
metric factor of samples is not included in the errors quoted here.
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FIG. 1. (a) Temperature-doping phase diagram of Nd-LSCO,
showing the superconducting Tc (gray dome) and the pseudogap
temperature T⋆ extracted from the electrical resistivity (red dots,
Ref. [19]) and from angle-resolved photoemission spectroscopy (red
square,Ref. [20]). The reddiamondmarks thepositionofp⋆ ¼ 0.23,
the doping for the onset of the pseudogap phase in Nd-LSCO. The
red dashed line is a guide to the eye. (b) Electrical resistivity vs
temperature for Nd-LSCO at p ¼ 0.22 and 0.24, at H ¼ 0 (gray
data) and in the normal state atH ¼ 33 T (colored). The pseudogap
temperature T⋆ (arrow) is defined as the temperature below which
ρðTÞ deviates from its T-linear behavior at high temperature (black
line). Here, T⋆ ¼ 50 K at p ¼ 0.22, and T⋆ ¼ 0 at p ¼ 0.24.
(c) Electrical resistivity of Nd-LSCO at p ¼ 0.24 and H ¼ 16 T
(blue) with a linear fit (black line). The red dot is L0=ðκ0=TÞ, with
κ0=T measured in the same sample at H ¼ 15 T (Fig. 2), showing
that the Wiedemann-Franz law is perfectly satisfied.
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Nd-LSCO Test of Wiedemann-Franz law

one-heater–two-thermometers steady-state technique [24].
The heat current was applied in the basal plane of the low-
temperature tetragonal structure of Nd-LSCO and the
magnetic field was applied along the c axis.

III. RESULTS

In Fig. 2(a), we show the thermal conductivity of Nd-
LSCO for p ¼ 0.22 and 0.24 at H ¼ 0 and 15 T, plotted as
κ=T vs T. As shown by the linear fits, the data below 0.4 K
are well described by κ=T ¼ κ0=T þ BT, where κ0=T is the
electronic term and BT is the phonon term. The phonon
conductivity κph of cuprate superconductors goes as
κph=T ∼ Tα [25], with α ¼ 1 at high doping where the
system is a good metal and phonons are mainly scattered by
electrons, as in overdoped Tl2201 [26]. The parameter B is
larger at H ¼ 0 because the density of quasiparticles that

scatter phonons is lower in the superconducting state. At
low doping, where the system is much more resistive,
α ≃ 1.3–1.6. The values of α for p ¼ 0.12 and p ¼ 0.15 are
given in Fig. S5 of SM [23]. In Fig. 2(b), we plot κ0=T vsH
for both samples, showing how the conductivity increases
with field from the superconducting state atH ¼ 0 until the
normal state, reached at H ≃ 10 T for p ¼ 0.24 and H ≃
15 T for p ¼ 0.22. (Data at all fields are shown in SM
Figs. S3 and S4 [23].) At low field, we see a rapid increase
of κ0=T with field for both samples, which is typical of
the

ffiffiffiffi
H

p
dependence coming from the Volovik effect in a

d-wave superconductor [27]. This is followed by a satu-
ration as the normal state is approached [28]. In Fig. 3, the
normal-state thermal conductivity atH ¼ 15 T is displayed
for all seven samples, with fits to extract κ0=T. (Data at
H ¼ 0 are shown in SM Figs. S5 and S6 [23].)

A. Wiedemann-Franz law

At p ¼ 0.24, we make a precise test of the WF law,
given by

κ0
T

¼ L0

ρð0Þ
;

where ρð0Þ is the electrical resistivity as T → 0 and L0 is
the Sommerfeld value of the Lorenz number, equal to
2.44 × 10−8 WΩ=K2. In Fig. 1(c), we plot ρ vs T measured
in our Nd-LSCO sample with p ¼ 0.24 at H ¼ 16 T [19],
using the same contacts as for our κ measurements.
The data are perfectly linear in temperature below
∼60 K, down to ∼10 K, the temperature below which
ρðTÞ drops because of paraconductivity. [In Fig. 1(b), we
see that applying 33 T confirms that ρðTÞ does remain
linear down to at least 1 K [10].] A linear extrapolation of
the 16 T data yields ρð0Þ ¼ 21.4 μΩ cm, and therefore
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FIG. 2. (a) Thermal conductivity κ vs temperature plotted as
κ=T vs T, for Nd-LSCO at p ¼ 0.22 (red) and 0.24 (blue), in
H ¼ 0 (open symbols) and 15 T (dots). The lines are linear fits to
the data over the temperature range shown. The y intercept of the
fit is the residual electronic term κ0=T. The horizontal dashed
lines are calculated from the Wiedemann-Franz law L0=ρð0Þ
using the measured ρð0Þ (see text). (b) κ0=T as a function of
applied magnetic field for p ¼ 0.22 (red) and 0.24 (blue). At both
dopings, κ0=T saturates at high field, showing that the normal
state has been reached. The error bars reflect the uncertainty on
the fits shown in (a), which comes from varying the temperature
range. For p ¼ 0.24, the error bars are smaller than the symbols.

(c)(a)
0.0 0.1 0.2 0.3 0.4

0.0

0.5

1.0

1.5

2.0

0.0

0.2

0.4

0.6

0.0 0.1 0.2 0.3 0.4
0.0

0.2

0.4

0.6

p = 0.24
p = 0.23
p = 0.22H = 15 T

T (K) T (K)

/T
(m

W
/K

2
cm

)
Nd-LSCO p = 0.22

p = 0.21
p = 0.20

p = 0.15
p = 0.12

(b)

FIG. 3. κ=T vs temperature for Nd-LSCO at H ¼ 15 T, for
(a) p ¼ 0.22, 0.23, and 0.24, (b) p ¼ 0.20, 0.21, and 0.22, and
(c) p ¼ 0.12 and 0.15. In panels (a) and (b), the lines are linear
fits to the data over the entire range shown. In panel (c), the lines
are power-law fits to the data over the entire range of the data.
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Here we address these questions with measurements
of heat transport in La1.6−xNd0.4SrxCuO4 (Nd-LSCO), a
single-layer cuprate superconductor with a low critical
temperature Tc and critical field Hc2, such that super-
conductivity can readily be suppressed with static fields
down to T → 0. In Fig. 1(a), the pseudogap phase of Nd-
LSCO is delineated by its temperature T⋆, defined as the
temperature below which ρðTÞ departs from its T-linear
behavior at high temperature [Fig. 1(b)], in agreement with
spectroscopic measurements of the pseudogap [20]. It ends
at p⋆ ¼ 0.23$ 0.01. At p ¼ 0.24, ρðTÞ is seen to remain T
linear down to T → 0 [Fig. 1(b)]. Hall measurements in
Nd-LSCO find that nH ≃ 1þ p at p ¼ 0.24 > p⋆ and

nH ≃ p at p ¼ 0.20 < p⋆ [19], in good agreement with
YBCO [11].
The thermal conductivity κ of Nd-LSCO was measured

down to 50 mK in seven crystals, with p ranging from 0.12
to 0.24 (see Table I). In summary, we find that the
Wiedemann-Franz (WF) law is satisfied in the T ¼ 0 limit
in the normal state of Nd-LSCO at all dopings. This shows
that well-defined quasiparticles exist even at p⋆ and the
pseudogap phase is a metal whose fermionic quasiparticles
carry heat and charge as conventional electrons do. A large
drop in the electronic thermal conductivity κ0=T is
observed upon crossing below p⋆, consistent with a drop
of carrier density from n ≃ 1þ p to n ≃ p. Because a very
similar decrease is seen in zero field, we conclude that the
field does not affect the pseudogap phase or its transport
signatures (other than by suppressing superconductivity).

II. METHODS

The thermal conductivity was measured on the same
five single crystals of Nd-LSCO used in our previous study
of electrical transport [19], with p ¼ 0.20, 0.21, 0.22, 0.23,
and 0.24. Details of the sample and contact preparation
can be found there. Typical x-ray diffraction and magne-
tometry data on our samples are shown in Supplemental
Material (SM) (Figs. S1 and S2) [23], confirming the
absence of impurity phases. In addition, similarly prepared
samples with p ¼ 0.12 and 0.15 were measured. The Tc
values for all samples are listed in Table I. The thermal
conductivity was measured in the field-cooled state in a
dilution refrigerator over the range 50 mK to 1.0 K, using a

TABLE I. Doping p, superconducting Tc, residual electronic
term κ0=T at H ¼ 15 T (Fig. 3), normal-state resistivity ρð0Þ as
T → 0 at H ¼ 15 T (see text), ratio L0=ρð0Þ, and residual
resistivity ρ0 (see text) for all our measured Nd-LSCO samples.
For p ¼ 0.24, the values are at H ¼ 16 T, except Tc, which is in
zero field. The uncertainty on κ0=T comes from the fits (Fig. 3) and
is$0.01 mW=K2 cm for all samples. The error bar on ρð0Þ comes
from the extrapolation to T ¼ 0 andH ¼ 15 T, and is estimated to
be$5 μΩ cm. The uncertainty on L0=ρð0Þ is calculated based on
this error. The uncertainty on ρ0 comes from the high-temperature
linear-T fits (Fig. 1) and is $2 μΩ cm. For p ¼ 0.24, the error on
ρð0Þ ¼ ρ0 is $0.5 μΩ cm, owing to the extended linear-T regime
down to low temperature. Note that the uncertainty on the geo-
metric factor of samples is not included in the errors quoted here.

p
Tc
(K)

κ0=T
(mW=K2 cm)

ρð0Þ
(μΩ cm)

L0=ρð0Þ
(mW=K2 cm)

ρ0
(μΩ cm)

0.12 5.0 0.036 600 0.041 & & &
0.15 14.5 0.045 445 0.055 & & &
0.20 15.5 0.105 229 0.106 46
0.21 15.0 0.083 253 0.096 59
0.22 14.7 0.184 138 0.177 29
0.23 12.4 0.410 60 0.410 43
0.24 10.7 1.144 21.4 1.140 21.4
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FIG. 1. (a) Temperature-doping phase diagram of Nd-LSCO,
showing the superconducting Tc (gray dome) and the pseudogap
temperature T⋆ extracted from the electrical resistivity (red dots,
Ref. [19]) and from angle-resolved photoemission spectroscopy (red
square,Ref. [20]). The reddiamondmarks thepositionofp⋆ ¼ 0.23,
the doping for the onset of the pseudogap phase in Nd-LSCO. The
red dashed line is a guide to the eye. (b) Electrical resistivity vs
temperature for Nd-LSCO at p ¼ 0.22 and 0.24, at H ¼ 0 (gray
data) and in the normal state atH ¼ 33 T (colored). The pseudogap
temperature T⋆ (arrow) is defined as the temperature below which
ρðTÞ deviates from its T-linear behavior at high temperature (black
line). Here, T⋆ ¼ 50 K at p ¼ 0.22, and T⋆ ¼ 0 at p ¼ 0.24.
(c) Electrical resistivity of Nd-LSCO at p ¼ 0.24 and H ¼ 16 T
(blue) with a linear fit (black line). The red dot is L0=ðκ0=TÞ, with
κ0=T measured in the same sample at H ¼ 15 T (Fig. 2), showing
that the Wiedemann-Franz law is perfectly satisfied.
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Nd-LSCO Test of Wiedemann-Franz law

one-heater–two-thermometers steady-state technique [24].
The heat current was applied in the basal plane of the low-
temperature tetragonal structure of Nd-LSCO and the
magnetic field was applied along the c axis.

III. RESULTS

In Fig. 2(a), we show the thermal conductivity of Nd-
LSCO for p ¼ 0.22 and 0.24 at H ¼ 0 and 15 T, plotted as
κ=T vs T. As shown by the linear fits, the data below 0.4 K
are well described by κ=T ¼ κ0=T þ BT, where κ0=T is the
electronic term and BT is the phonon term. The phonon
conductivity κph of cuprate superconductors goes as
κph=T ∼ Tα [25], with α ¼ 1 at high doping where the
system is a good metal and phonons are mainly scattered by
electrons, as in overdoped Tl2201 [26]. The parameter B is
larger at H ¼ 0 because the density of quasiparticles that

scatter phonons is lower in the superconducting state. At
low doping, where the system is much more resistive,
α ≃ 1.3–1.6. The values of α for p ¼ 0.12 and p ¼ 0.15 are
given in Fig. S5 of SM [23]. In Fig. 2(b), we plot κ0=T vsH
for both samples, showing how the conductivity increases
with field from the superconducting state atH ¼ 0 until the
normal state, reached at H ≃ 10 T for p ¼ 0.24 and H ≃
15 T for p ¼ 0.22. (Data at all fields are shown in SM
Figs. S3 and S4 [23].) At low field, we see a rapid increase
of κ0=T with field for both samples, which is typical of
the

ffiffiffiffi
H

p
dependence coming from the Volovik effect in a

d-wave superconductor [27]. This is followed by a satu-
ration as the normal state is approached [28]. In Fig. 3, the
normal-state thermal conductivity atH ¼ 15 T is displayed
for all seven samples, with fits to extract κ0=T. (Data at
H ¼ 0 are shown in SM Figs. S5 and S6 [23].)

A. Wiedemann-Franz law

At p ¼ 0.24, we make a precise test of the WF law,
given by

κ0
T

¼ L0

ρð0Þ
;

where ρð0Þ is the electrical resistivity as T → 0 and L0 is
the Sommerfeld value of the Lorenz number, equal to
2.44 × 10−8 WΩ=K2. In Fig. 1(c), we plot ρ vs T measured
in our Nd-LSCO sample with p ¼ 0.24 at H ¼ 16 T [19],
using the same contacts as for our κ measurements.
The data are perfectly linear in temperature below
∼60 K, down to ∼10 K, the temperature below which
ρðTÞ drops because of paraconductivity. [In Fig. 1(b), we
see that applying 33 T confirms that ρðTÞ does remain
linear down to at least 1 K [10].] A linear extrapolation of
the 16 T data yields ρð0Þ ¼ 21.4 μΩ cm, and therefore
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FIG. 2. (a) Thermal conductivity κ vs temperature plotted as
κ=T vs T, for Nd-LSCO at p ¼ 0.22 (red) and 0.24 (blue), in
H ¼ 0 (open symbols) and 15 T (dots). The lines are linear fits to
the data over the temperature range shown. The y intercept of the
fit is the residual electronic term κ0=T. The horizontal dashed
lines are calculated from the Wiedemann-Franz law L0=ρð0Þ
using the measured ρð0Þ (see text). (b) κ0=T as a function of
applied magnetic field for p ¼ 0.22 (red) and 0.24 (blue). At both
dopings, κ0=T saturates at high field, showing that the normal
state has been reached. The error bars reflect the uncertainty on
the fits shown in (a), which comes from varying the temperature
range. For p ¼ 0.24, the error bars are smaller than the symbols.

(c)(a)
0.0 0.1 0.2 0.3 0.4

0.0

0.5

1.0

1.5

2.0

0.0

0.2

0.4

0.6

0.0 0.1 0.2 0.3 0.4
0.0

0.2

0.4

0.6

p = 0.24
p = 0.23
p = 0.22H = 15 T

T (K) T (K)

/T
(m

W
/K

2
cm

)
Nd-LSCO p = 0.22

p = 0.21
p = 0.20

p = 0.15
p = 0.12

(b)

FIG. 3. κ=T vs temperature for Nd-LSCO at H ¼ 15 T, for
(a) p ¼ 0.22, 0.23, and 0.24, (b) p ¼ 0.20, 0.21, and 0.22, and
(c) p ¼ 0.12 and 0.15. In panels (a) and (b), the lines are linear
fits to the data over the entire range shown. In panel (c), the lines
are power-law fits to the data over the entire range of the data.
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L0=ρð0Þ ¼ 1.14 mW=K2 cm. This matches precisely the
measured thermal conductivity, which yields κ0=T ¼
1.14 mW=K2 cm at H ¼ 16 T, as indicated by the red
dot at T ¼ 0 in Fig. 1(c). The uncertainty on the WF law at
p ¼ 0.24 is $3% (see Table 1).
This shows that the WF law—a fundamental property of

conventional metals and Fermi liquids—is precisely veri-
fied near the cuprate pseudogap critical point p⋆, despite
the fact that the resistivity exhibits the classic signature of
non-Fermi-liquid behavior [29], namely, ρ ∝ T as T → 0.
Moreover, the electronic specific heat of Nd-LSCO at
p ¼ 0.24 was recently shown to exhibit the classic T
dependence associated with quantum criticality, namely,
Cel ∝ −T logT as T → 0 [30]. When combined, the three
properties (ρ, Cel, and κ) impose clear constraints on the
nature of the pseudogap critical point.
The standard quasiparticle picture for electron behav-

ior may be expected to break down at a quantum critical
point [31], and lead to a violation of the WF law [32].
This possibility was tested in two heavy-fermion metals,
YRh2Si2 and CeCoIn5. In the former, a first study
suggested that the WF law was indeed violated, by
≃10% or so [33], but two subsequent tests found the
law to be valid [34,35]. In the latter material, a violation
by ≃10% was reported for one current direction (c axis)
but not the other (a axis) [36]. A much more significant
violation was reported for an organic insulator where
κ0=T is nonzero, pointing to having a quantum spin liquid
ground state with neutral fermions [37].
The WF law was also tested in our six other samples,

and found to hold in all cases, within error bars. The
values of κ0=T obtained from fits to the H ¼ 15 T data in
Fig. 3 are listed in Table I. We also list the values of ρð0Þ
measured on the same samples with the same contacts,
extrapolated to T¼0 and toH ¼ 15 T (data from Ref. [19]
and SM Fig. S7 [23]). For example, in Fig. 1(b) the data
for our p ¼ 0.22 sample extrapolate to 147$ 5 μΩ cm at
T ¼ 0 and H ¼ 33 T. Accounting for the magnetoresist-
ance measured in that sample [19], we obtain ρð0Þ ¼
138$ 5 μΩ cm at H ¼ 15 T, and therefore L0=ρð0Þ ¼
0.177$ 0.006 mW=K2 cm, which closely matches the
measured κ0=T¼0.184$0.010mW=K2cm at H ¼ 15 T
(Table I). The WF law is nicely satisfied.
In Fig. 4(a), we plot κ0=T (red dots) and L0=ρð0Þ (blue

squares) vs doping, both at H ¼ 15 T, for all seven
samples. As shown by our data at p ¼ 0.20, 0.21, 0.22,
and 0.23, we find that the WF law is satisfied with $5%
precision in the pure pseudogap phase, namely in the
doping interval between p ≃ 0.18 and p⋆, where there is no
charge-density-wave (CDW) order. This shows that the
ground state of the enigmatic pseudogap phase (without
superconductivity), whatever its Fermi surface (closed
pockets or arcs) and broken symmetries, has well-defined
mobile fermionic excitations that carry heat and charge just
as normal electrons do.

From our data at p ¼ 0.12 and 0.15 [Fig. 4(a) and
Table I], the WF law is also satisfied inside the CDW phase
of Nd-LSCO (0.08 < p < 0.18), as previously reported for
the CDW phase of YBCO (in the transverse Hall channel,
at p ¼ 0.11) [38]. The WF law was also found to hold
well above p⋆, in two strongly overdoped cuprates: in
Tl-2201 at p ¼ 0.3, where ρðTÞ ¼ ρ0 þ A1T þ A2T2, with
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FIG. 4. (a) κ0=T in Nd-LSCO at H ¼ 0 (open red circles)
and 15 T (red dots), and L0=ρð0Þ at H ¼ 15 T (blue squares),
as a function of doping. The error bars on L0=ρð0Þ come
from the geometric factor error, $10%, and the uncertainty
on estimating ρð0Þ, $5 μΩ cm ($0.5 μΩ cm for p ¼ 0.24).
The error bar on κ0=T is $0.01 mW=K2 cm, which is smaller
than the symbols. (b) Ratio ðκN=TÞ=½L0=ρð0Þ' as a function of
doping, where κN=T is the normal state κ0=T, measured at
H ¼ 15 T. (c) Ratio ðκN=TÞ=ðL0=ρ0Þ as a function of doping,
where ρ0 is proportional to the level of disorder in each
sample (see text). In panels (b) and (c), the error bars come
from the uncertainty on ρð0Þ, estimated to be $5 μΩ cm
($0.5 μΩ cm for p ¼ 0.24), on ρ0, estimated to be $2 μΩ cm
($0.5 μΩ cm for p ¼ 0.24), and the error on κ0=T as in (a).
The gray vertical band in all panels gives the position of p⋆.
The lower black line in (c) is equal to p, showing that the
normal-state conductivity of the pseudogap phase (PG) at
T ¼ 0 is only a fraction ∼p of its value just above p⋆.
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Here we address these questions with measurements
of heat transport in La1.6−xNd0.4SrxCuO4 (Nd-LSCO), a
single-layer cuprate superconductor with a low critical
temperature Tc and critical field Hc2, such that super-
conductivity can readily be suppressed with static fields
down to T → 0. In Fig. 1(a), the pseudogap phase of Nd-
LSCO is delineated by its temperature T⋆, defined as the
temperature below which ρðTÞ departs from its T-linear
behavior at high temperature [Fig. 1(b)], in agreement with
spectroscopic measurements of the pseudogap [20]. It ends
at p⋆ ¼ 0.23$ 0.01. At p ¼ 0.24, ρðTÞ is seen to remain T
linear down to T → 0 [Fig. 1(b)]. Hall measurements in
Nd-LSCO find that nH ≃ 1þ p at p ¼ 0.24 > p⋆ and

nH ≃ p at p ¼ 0.20 < p⋆ [19], in good agreement with
YBCO [11].
The thermal conductivity κ of Nd-LSCO was measured

down to 50 mK in seven crystals, with p ranging from 0.12
to 0.24 (see Table I). In summary, we find that the
Wiedemann-Franz (WF) law is satisfied in the T ¼ 0 limit
in the normal state of Nd-LSCO at all dopings. This shows
that well-defined quasiparticles exist even at p⋆ and the
pseudogap phase is a metal whose fermionic quasiparticles
carry heat and charge as conventional electrons do. A large
drop in the electronic thermal conductivity κ0=T is
observed upon crossing below p⋆, consistent with a drop
of carrier density from n ≃ 1þ p to n ≃ p. Because a very
similar decrease is seen in zero field, we conclude that the
field does not affect the pseudogap phase or its transport
signatures (other than by suppressing superconductivity).

II. METHODS

The thermal conductivity was measured on the same
five single crystals of Nd-LSCO used in our previous study
of electrical transport [19], with p ¼ 0.20, 0.21, 0.22, 0.23,
and 0.24. Details of the sample and contact preparation
can be found there. Typical x-ray diffraction and magne-
tometry data on our samples are shown in Supplemental
Material (SM) (Figs. S1 and S2) [23], confirming the
absence of impurity phases. In addition, similarly prepared
samples with p ¼ 0.12 and 0.15 were measured. The Tc
values for all samples are listed in Table I. The thermal
conductivity was measured in the field-cooled state in a
dilution refrigerator over the range 50 mK to 1.0 K, using a

TABLE I. Doping p, superconducting Tc, residual electronic
term κ0=T at H ¼ 15 T (Fig. 3), normal-state resistivity ρð0Þ as
T → 0 at H ¼ 15 T (see text), ratio L0=ρð0Þ, and residual
resistivity ρ0 (see text) for all our measured Nd-LSCO samples.
For p ¼ 0.24, the values are at H ¼ 16 T, except Tc, which is in
zero field. The uncertainty on κ0=T comes from the fits (Fig. 3) and
is$0.01 mW=K2 cm for all samples. The error bar on ρð0Þ comes
from the extrapolation to T ¼ 0 andH ¼ 15 T, and is estimated to
be$5 μΩ cm. The uncertainty on L0=ρð0Þ is calculated based on
this error. The uncertainty on ρ0 comes from the high-temperature
linear-T fits (Fig. 1) and is $2 μΩ cm. For p ¼ 0.24, the error on
ρð0Þ ¼ ρ0 is $0.5 μΩ cm, owing to the extended linear-T regime
down to low temperature. Note that the uncertainty on the geo-
metric factor of samples is not included in the errors quoted here.

p
Tc
(K)

κ0=T
(mW=K2 cm)

ρð0Þ
(μΩ cm)

L0=ρð0Þ
(mW=K2 cm)

ρ0
(μΩ cm)

0.12 5.0 0.036 600 0.041 & & &
0.15 14.5 0.045 445 0.055 & & &
0.20 15.5 0.105 229 0.106 46
0.21 15.0 0.083 253 0.096 59
0.22 14.7 0.184 138 0.177 29
0.23 12.4 0.410 60 0.410 43
0.24 10.7 1.144 21.4 1.140 21.4
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FIG. 1. (a) Temperature-doping phase diagram of Nd-LSCO,
showing the superconducting Tc (gray dome) and the pseudogap
temperature T⋆ extracted from the electrical resistivity (red dots,
Ref. [19]) and from angle-resolved photoemission spectroscopy (red
square,Ref. [20]). The reddiamondmarks thepositionofp⋆ ¼ 0.23,
the doping for the onset of the pseudogap phase in Nd-LSCO. The
red dashed line is a guide to the eye. (b) Electrical resistivity vs
temperature for Nd-LSCO at p ¼ 0.22 and 0.24, at H ¼ 0 (gray
data) and in the normal state atH ¼ 33 T (colored). The pseudogap
temperature T⋆ (arrow) is defined as the temperature below which
ρðTÞ deviates from its T-linear behavior at high temperature (black
line). Here, T⋆ ¼ 50 K at p ¼ 0.22, and T⋆ ¼ 0 at p ¼ 0.24.
(c) Electrical resistivity of Nd-LSCO at p ¼ 0.24 and H ¼ 16 T
(blue) with a linear fit (black line). The red dot is L0=ðκ0=TÞ, with
κ0=T measured in the same sample at H ¼ 15 T (Fig. 2), showing
that the Wiedemann-Franz law is perfectly satisfied.
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The thermal conductivity κ of the cuprate superconductor La1.6−xNd0.4SrxCuO4 was measured down to
50 mK in seven crystals with doping from p ¼ 0.12 to p ¼ 0.24, both in the superconducting state and in
the magnetic field-induced normal state. We obtain the electronic residual linear term κ0=T as T → 0 across
the pseudogap critical point p⋆ ¼ 0.23. In the normal state, we observe an abrupt drop in κ0=T upon
crossing below p⋆, consistent with a drop in carrier density n from 1þ p to p, the signature of the
pseudogap phase inferred from the Hall coefficient. A similar drop in κ0=T is observed at H ¼ 0, showing
that the pseudogap critical point and its signatures are unaffected by the magnetic field. In the normal state,
the Wiedemann-Franz law, κ0=T ¼ L0=ρð0Þ, is obeyed at all dopings, including at the critical point where
the electrical resistivity ρðTÞ is T linear down to T → 0. We conclude that the nonsuperconducting ground
state of the pseudogap phase at T ¼ 0 is a metal whose fermionic excitations carry heat and charge as
conventional electrons do.

DOI: 10.1103/PhysRevX.8.041010 Subject Areas: Condensed Matter Physics,
Strongly Correlated Materials,
Superconductivity

I. INTRODUCTION

Cuprate high-temperature superconductors exhibit a
variety of correlated phases that interact with each other
and with superconductivity, and understanding their asso-
ciated complex phase diagram is a central challenge of
condensed matter physics [1]. The chief mystery is the
pseudogap phase [2,3], a phase that appears to break a
number of symmetries, such as time reversal [4,5] and
fourfold rotation [6,7], below a temperature T⋆, but whose
fundamental nature is still unclear. Several questions
pertain to the critical doping p⋆ at which the pseudogap
phase ends at T ¼ 0 [8]. At p⋆, the electrical resistivity
remains T linear as T → 0 [9,10] (Fig. 1). Does this imply a

breakdown of the quasiparticle picture for the charge
carriers? Upon crossing below p⋆, the Hall number nH
measured in the normal state of YBa2Cu3Oy (YBCO),
reached by applying a large magnetic field, is seen to drop
dramatically [11], showing that the Fermi surface under-
goes a rapid transformation upon entering the pseudogap
phase. The drop in nH has been attributed to a drop in
carrier density n, from n ¼ 1þ p above p⋆ to n ¼ p below,
and explained in terms of a state that breaks translational
symmetry [12–15], or not [12,16,17]. Alternatively, the
drop in nH has been attributed to a nematic deformation of
the Fermi surface [18].
Below p⋆, the electrical resistivity ρðTÞ measured in the

normal state of La2−xSrxCuO4 (LSCO) down to low temper-
ature, reached by applying a large magnetic field, increases
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has recently been attributed to a loss of carrier density below
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I. INTRODUCTION
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Here we address these questions with measurements
of heat transport in La1.6−xNd0.4SrxCuO4 (Nd-LSCO), a
single-layer cuprate superconductor with a low critical
temperature Tc and critical field Hc2, such that super-
conductivity can readily be suppressed with static fields
down to T → 0. In Fig. 1(a), the pseudogap phase of Nd-
LSCO is delineated by its temperature T⋆, defined as the
temperature below which ρðTÞ departs from its T-linear
behavior at high temperature [Fig. 1(b)], in agreement with
spectroscopic measurements of the pseudogap [20]. It ends
at p⋆ ¼ 0.23$ 0.01. At p ¼ 0.24, ρðTÞ is seen to remain T
linear down to T → 0 [Fig. 1(b)]. Hall measurements in
Nd-LSCO find that nH ≃ 1þ p at p ¼ 0.24 > p⋆ and

nH ≃ p at p ¼ 0.20 < p⋆ [19], in good agreement with
YBCO [11].
The thermal conductivity κ of Nd-LSCO was measured

down to 50 mK in seven crystals, with p ranging from 0.12
to 0.24 (see Table I). In summary, we find that the
Wiedemann-Franz (WF) law is satisfied in the T ¼ 0 limit
in the normal state of Nd-LSCO at all dopings. This shows
that well-defined quasiparticles exist even at p⋆ and the
pseudogap phase is a metal whose fermionic quasiparticles
carry heat and charge as conventional electrons do. A large
drop in the electronic thermal conductivity κ0=T is
observed upon crossing below p⋆, consistent with a drop
of carrier density from n ≃ 1þ p to n ≃ p. Because a very
similar decrease is seen in zero field, we conclude that the
field does not affect the pseudogap phase or its transport
signatures (other than by suppressing superconductivity).

II. METHODS

The thermal conductivity was measured on the same
five single crystals of Nd-LSCO used in our previous study
of electrical transport [19], with p ¼ 0.20, 0.21, 0.22, 0.23,
and 0.24. Details of the sample and contact preparation
can be found there. Typical x-ray diffraction and magne-
tometry data on our samples are shown in Supplemental
Material (SM) (Figs. S1 and S2) [23], confirming the
absence of impurity phases. In addition, similarly prepared
samples with p ¼ 0.12 and 0.15 were measured. The Tc
values for all samples are listed in Table I. The thermal
conductivity was measured in the field-cooled state in a
dilution refrigerator over the range 50 mK to 1.0 K, using a

TABLE I. Doping p, superconducting Tc, residual electronic
term κ0=T at H ¼ 15 T (Fig. 3), normal-state resistivity ρð0Þ as
T → 0 at H ¼ 15 T (see text), ratio L0=ρð0Þ, and residual
resistivity ρ0 (see text) for all our measured Nd-LSCO samples.
For p ¼ 0.24, the values are at H ¼ 16 T, except Tc, which is in
zero field. The uncertainty on κ0=T comes from the fits (Fig. 3) and
is$0.01 mW=K2 cm for all samples. The error bar on ρð0Þ comes
from the extrapolation to T ¼ 0 andH ¼ 15 T, and is estimated to
be$5 μΩ cm. The uncertainty on L0=ρð0Þ is calculated based on
this error. The uncertainty on ρ0 comes from the high-temperature
linear-T fits (Fig. 1) and is $2 μΩ cm. For p ¼ 0.24, the error on
ρð0Þ ¼ ρ0 is $0.5 μΩ cm, owing to the extended linear-T regime
down to low temperature. Note that the uncertainty on the geo-
metric factor of samples is not included in the errors quoted here.

p
Tc
(K)

κ0=T
(mW=K2 cm)

ρð0Þ
(μΩ cm)

L0=ρð0Þ
(mW=K2 cm)

ρ0
(μΩ cm)

0.12 5.0 0.036 600 0.041 & & &
0.15 14.5 0.045 445 0.055 & & &
0.20 15.5 0.105 229 0.106 46
0.21 15.0 0.083 253 0.096 59
0.22 14.7 0.184 138 0.177 29
0.23 12.4 0.410 60 0.410 43
0.24 10.7 1.144 21.4 1.140 21.4
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FIG. 1. (a) Temperature-doping phase diagram of Nd-LSCO,
showing the superconducting Tc (gray dome) and the pseudogap
temperature T⋆ extracted from the electrical resistivity (red dots,
Ref. [19]) and from angle-resolved photoemission spectroscopy (red
square,Ref. [20]). The reddiamondmarks thepositionofp⋆ ¼ 0.23,
the doping for the onset of the pseudogap phase in Nd-LSCO. The
red dashed line is a guide to the eye. (b) Electrical resistivity vs
temperature for Nd-LSCO at p ¼ 0.22 and 0.24, at H ¼ 0 (gray
data) and in the normal state atH ¼ 33 T (colored). The pseudogap
temperature T⋆ (arrow) is defined as the temperature below which
ρðTÞ deviates from its T-linear behavior at high temperature (black
line). Here, T⋆ ¼ 50 K at p ¼ 0.22, and T⋆ ¼ 0 at p ¼ 0.24.
(c) Electrical resistivity of Nd-LSCO at p ¼ 0.24 and H ¼ 16 T
(blue) with a linear fit (black line). The red dot is L0=ðκ0=TÞ, with
κ0=T measured in the same sample at H ¼ 15 T (Fig. 2), showing
that the Wiedemann-Franz law is perfectly satisfied.
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FIG. 1. (a) Temperature-doping phase diagram of Nd-LSCO,
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temperature T⋆ extracted from the electrical resistivity (red dots,
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the doping for the onset of the pseudogap phase in Nd-LSCO. The
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data) and in the normal state atH ¼ 33 T (colored). The pseudogap
temperature T⋆ (arrow) is defined as the temperature below which
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line). Here, T⋆ ¼ 50 K at p ¼ 0.22, and T⋆ ¼ 0 at p ¼ 0.24.
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(blue) with a linear fit (black line). The red dot is L0=ðκ0=TÞ, with
κ0=T measured in the same sample at H ¼ 15 T (Fig. 2), showing
that the Wiedemann-Franz law is perfectly satisfied.
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red dashed line is a guide to the eye. (b) Electrical resistivity vs
temperature for Nd-LSCO at p ¼ 0.22 and 0.24, at H ¼ 0 (gray
data) and in the normal state atH ¼ 33 T (colored). The pseudogap
temperature T⋆ (arrow) is defined as the temperature below which
ρðTÞ deviates from its T-linear behavior at high temperature (black
line). Here, T⋆ ¼ 50 K at p ¼ 0.22, and T⋆ ¼ 0 at p ¼ 0.24.
(c) Electrical resistivity of Nd-LSCO at p ¼ 0.24 and H ¼ 16 T
(blue) with a linear fit (black line). The red dot is L0=ðκ0=TÞ, with
κ0=T measured in the same sample at H ¼ 15 T (Fig. 2), showing
that the Wiedemann-Franz law is perfectly satisfied.

B. MICHON et al. PHYS. REV. X 8, 041010 (2018)

041010-2

Nd-LSCO



PART I — Kxx

SUPERCONDUCTORS



Thermal transport in quantum materials

METALS

SUPERCONDUCTORS INSULATORS

1) Electrons & phonons

1) Cuprates — d-wave + Hc2

2) Iron pnictides — s+- or d-wave

3) Ruthenate — d-wave ?

1) Nd2CuO4 — phonons

2) Nd2CuO4 — magnons

3) dmit — spinons ?

2) Wiedemann-Franz law in cuprates

PART I — Kxx



+

+

+

+

FS

+

+

FS- -

s-wave d-wave

Figure 2.10 Exemple de symétries de gaps supraconducteurs sur une surface de Fermi 2D
circulaire. À gauche, un gap s-wave isotrope et à droite un gap d-wave de symétrie dx2�y2

anisotrope où le gap change de signe.

peut atteindre des températures allant jusqu’à 135 K dans HgBa2Ca2CuO3Ox à pression
ambiante [63]. Sous pression, cette valeur augmente jusqu’à 164 K [64]. Nous sommes donc
à mi-chemin d’un supraconducteur à température ambiante.

Tel que mentionné précédemment, les cuprates ont un mécanisme de supraconductivité
dit non conventionnel, c’est-à-dire qu’il n’est pas décrit par la théorie BCS. Dans un méca-
nisme de supraconductivité conventionnel, les électrons de vecteurs d’onde et de spins opposés
forment des paires, appelées paires de Cooper. Ces paires sont créées par les interactions cou-
lombiennes positives que les électrons ont avec les ions du réseau. Ces paires forment un état
cohérent macroscopique qui brise la symétrie de jauge et ouvre un gap isotrope d’énergie
� au niveau de Fermi (appelé s-wave). Dans le cas des cuprates, le mécanisme responsable
de la supraconductivité ouvre, quant à lui, un gap anisotrope au niveau de Fermi (appelé
d-wave). Ce gap s’annule à certains points spécifiques appelés nœuds. De plus, le signe du
gap varie entre les différents endroits où le gap est nul.

Afin d’étudier l’état fondamental sous-jacent des cuprates en l’absence de la supracon-
ductivité, il est possible de briser les paires de Cooper et d’atteindre l’état normal. Expéri-
mentalement, la suppression de la supraconductivité est faite par l’application d’un champ
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ratio of powers E,/E„and thus errors inherent in the
individual measurements of ~, and ~ were eliminated
from the ratio Ir,/a~.
The temperature was determined at each point by

measuring the vapor pressure of He' when the sample
had reached equilibrium without power. These meas-
urements provided not only the temperature to assign to
each thermal conductivity point (corrected very slightly
to the average temperature of the sample) but also a set
of R vs T values from which a calibration curve could be
drawn. Absolute temperatures were calculated from
measured vapor pressures, after first applying a correc-
tion for thermomolecular pressure, ' from the He' vapor
pressure-temperature scale.4

Fro. 4. Thermal con-
ductivity in the super-
conducting state for
various aluminum speci-
mens.

IOO

(
30

IO

(
3 0

I.O

O
0.3(

O.IO

I I I I I

TRANSITION TEMPERATURES

Since it was desired to make comparisons in terms of
reduced temperatures T/T„ the transition temperature
of each specimen was determined. A pickup coil of Gne
copper, wound on the end of the specimen over the
sample heater, was connected to a ballistic galvanome-
ter. The deQection of the galvanometer was observed on
reversing the solenoid held for a series of currents in the
solenoid at each of a series of temperatures. (The field in
the vicinity of the specimen was made null except for the
solenoid field. ) For several solenoid currents the deflec-
tion was plotted against temperature as illustrated in
Fig. 2. The first departure from normal-state deflection
was considered the temperature of transition for the
field corresponding to the solenoid current. On this plot
itself an extrapolation was made to zero current since
deflection was proportional to current and the point so
obtained on the zero-current axis was considered T,.
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THERMAL CONDUCTIVITY RESULTS

The values of T, relative to mean free path found for
the specimens of this study are in good agreement with
those reported by Chanin et al. ' Below are listed the
mean free path and transition temperatures for the
three specimens measured. The mean free path / for each
of the specimens was determined from the normal-state
thermal conductivity, assuming the %iedemann-Franz
law and a value for l/~ of 4)&10 "ohm cm'
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The thermal conductivity data are shown in Fig. 3
plotted as ~,/Ir„vs T/T, for all three specimens. For
comparison, curves calculated from Bardeen, Rickayzen,
and Tewordt (BRT)' are also shown. Curves for values
of the energy gap at the absolute zero of 3.0kT„3.25kT„
and 3 52kT, were .calculated from Eq. (3.6) of BRT
by inserting values for 2es(0) of 3.0kT„3.25kT„and
3.52kT„retaining the temperature variation of the
energy gap 2eo given by Bardeen, Cooper, and SchrieGer
(BCS).'
The uncertainties in s,/K for specimens Al-26 and

Al-430 did not exceed &1'Po; however, for Al-3660 pre-
cision was not as high because of the very high thermal
conductivity of the specimen necessitating smaller tem-
perature di6'erences. Furthermore, at the time the ex-
periments were carried out on Al-3660, some electrical
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FIG. 3. Ratio of superconducting to normal thermal conductivity
for aluminum.

' T. R. Roberts and S. G. Sydoriak, Phys. Rev. 102, 304 (1956).' S. G. Sydoriak and T. R. Roberts, Phys. Rev. 106, 175 (1957).

~ G. Chanin, E. A, Lynton, and B. Serin, Phys. Rev. 114, 719
(1959}.
~T. E. Faber and A. B. Pippard, Proc. Roy. Soc. (London)

A231, 336 (1955).
r J. Bardeen, G. Rickaysen, and L. Tewordt, Phys. Rev. 113,

982 (1959).
s J.Bardeen, L. N. Cooper, and J. R. SchrieRer, Phys. Rev. 108,

1175 (1957).

Al

Exponential at low T 
          — gap

Perfect conductor of charge, 
perfect of insulator of heat !

+

+

+

+

FS

+

+

FS- -

s-wave d-wave

Figure 2.10 Exemple de symétries de gaps supraconducteurs sur une surface de Fermi 2D
circulaire. À gauche, un gap s-wave isotrope et à droite un gap d-wave de symétrie dx2�y2

anisotrope où le gap change de signe.

peut atteindre des températures allant jusqu’à 135 K dans HgBa2Ca2CuO3Ox à pression
ambiante [63]. Sous pression, cette valeur augmente jusqu’à 164 K [64]. Nous sommes donc
à mi-chemin d’un supraconducteur à température ambiante.

Tel que mentionné précédemment, les cuprates ont un mécanisme de supraconductivité
dit non conventionnel, c’est-à-dire qu’il n’est pas décrit par la théorie BCS. Dans un méca-
nisme de supraconductivité conventionnel, les électrons de vecteurs d’onde et de spins opposés
forment des paires, appelées paires de Cooper. Ces paires sont créées par les interactions cou-
lombiennes positives que les électrons ont avec les ions du réseau. Ces paires forment un état
cohérent macroscopique qui brise la symétrie de jauge et ouvre un gap isotrope d’énergie
� au niveau de Fermi (appelé s-wave). Dans le cas des cuprates, le mécanisme responsable
de la supraconductivité ouvre, quant à lui, un gap anisotrope au niveau de Fermi (appelé
d-wave). Ce gap s’annule à certains points spécifiques appelés nœuds. De plus, le signe du
gap varie entre les différents endroits où le gap est nul.

Afin d’étudier l’état fondamental sous-jacent des cuprates en l’absence de la supracon-
ductivité, il est possible de briser les paires de Cooper et d’atteindre l’état normal. Expéri-
mentalement, la suppression de la supraconductivité est faite par l’application d’un champ
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always delocalized but with extremely flat bands at low
fields [12]. As these gradually become more dispersive,
the thermal conductivity should increase accordingly and
grow exponentially with the ratio d=!, as is indeed ob-
served in Nb [13].

A better point of comparison for NbSe2 is V3Si, an
extreme type-II superconductor with comparable super-
conducting parameters (Tc ! 17 K, ! ! 50 !A). This is
done in Fig. 2, where the thermal conductivity of V3Si
is seen to grow much more slowly with H than that of
NbSe2, as described by theory [9]. Quantitatively, at H !
Hc2=20, "0=T ! 1

20 " "N=T for NbSe2 and 1
400 " "N=T for

V3Si [14]. Note that the samples compared in Fig. 2 are in
the same regime of purity. From the standard relation
!#0$ ! 0:74!0%##0:88!0=l$&1=2, we obtain for V3Si
!0=l ! 0:13, with !#0$ ! 50 !A from Hc2 and l !
1500 !A from dHvA [15]. This is similar to the value of
0:15 for NbSe2 [16].

The high level of delocalization in NbSe2 is a clear
indication of either a gap with nodes (e.g., d wave) or a
nodeless gap which is either highly anisotropic or small
on one FS and large on another. A gap with nodes is ruled
out by the absence of a residual term in the thermal
conductivity in zero field [17].

It is revealing to compare NbSe2 to MgB2, for which
the thermal conductivity has a similar field dependence.
Strikingly, " follows roughly the same field dependence
as the specific heat C for both NbSe2 and MgB2. This is
shown in Fig. 3 where "#H$ and C#H$ are plotted on a
reduced field scale for single crystals of NbSe2 [10,18],
MgB2 [19,20], and V3Si [21,22], with H k c for hexagonal
NbSe2 and MgB2, and H k a for cubic V3Si. In conven-
tional superconductors such as V3Si, "#H$ and C#H$ are
very different [see Fig. 3(c)] because the excited elec-
tronic states are largely localized.

MgB2 is a well-established case of MBSC with a small
gap on one FS ("$ ! 1:8 meV) and a large gap on the

other ("% ! 6:8 meV). The field dependence of its heat
capacity is well understood in this context [20], with a
distinctive shoulder at a field of Hc2=10 [see Fig. 3(b)]
[23]. A similar shoulder is also manifest in NbSe2 around
Hc2=9 [see Fig. 3(a)]. Empirically, the striking fact that
heat transport and heat capacity have the same field
dependence in both materials points to a common expla-
nation and hence suggests that NbSe2 is host to multiband
superconductivity [24]. This is consistent with recent
ARPES measurements at T ! 0:8Tc [4].

In conventional superconductors, the delocalization
of vortex core bound states occurs gradually on the
scale of Hc2, and the characteristic length scale is
!#0$ ’

!!!!!!!!!!!!!!!!!!!!!!!

#0=2$Hc2

p

. It appears that in NbSe2 (and
MgB2), there are two characteristic length scales for
delocalization: !' and !#0$. To see this, we focus on the
low-field region. For NbSe2, both "=T and C=T have been
measured with high precision on the same crystals,
thereby making a detailed comparison possible.
Figure 4(a) shows the comparison for fields below
Hc2=10, where the two do not coincide: C=T increases
abruptly above Hc1 while "=T grows slowly, in an acti-
vated way. This is consistent with the presence of local-
ized states at very low fields as imaged by STS [6,7]. Then
this behavior gives way to a rapid increase of the thermal
conductivity at fields above 0:03Hc2. This is a clear in-
dication that the field scale associated with delocalization
in NbSe2 is much smaller than Hc2.

In fact, we can scale the behavior of the low-field
thermal conductivity of NbSe2 to that of V3Si using H' !
Hc2=9 [Fig. 4(b)]. This is also seen clearly if we plot the
ratio of the thermal conductivity to the specific heat
[Fig. 4(c)] which measures the degree of delocalization.
The ratio is seen to have two regimes: a rapid increase
below H' ’ Hc2=10 and a slow one above. In summary,
the second length scale associated with delocalization in
NbSe2 is !' ’ !#0$=

!!!

9
p

! !#0$=3. This is consistent and
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FIG. 3. (a) Thermal conductivity and heat capacity of NbSe2 normalized to the normal state value vs H=Hc2. The heat capacity
was measured in two different ways: (i) at T ! 2:4 K on the same crystals as used in this study [10], and (ii) extrapolated to T ! 0
from various temperature sweeps on different crystals [18]. (b) Equivalent data for MgB2 single crystals [19,20]. (c) Equivalent data
for V3Si, with a theoretical curve for "=T [9]. The specific heat is measured at T ! 3:5 K [21] and extrapolated to T ! 0 [22]. The
straight line is a linear fit. The thermal conductivity is seen to follow the specific heat very closely for both NbSe2 and the multiband
superconductor MgB2. It does not, however, for the conventional s-wave superconductor V3Si.
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A better point of comparison for NbSe2 is V3Si, an
extreme type-II superconductor with comparable super-
conducting parameters (Tc ! 17 K, ! ! 50 !A). This is
done in Fig. 2, where the thermal conductivity of V3Si
is seen to grow much more slowly with H than that of
NbSe2, as described by theory [9]. Quantitatively, at H !
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indication of either a gap with nodes (e.g., d wave) or a
nodeless gap which is either highly anisotropic or small
on one FS and large on another. A gap with nodes is ruled
out by the absence of a residual term in the thermal
conductivity in zero field [17].

It is revealing to compare NbSe2 to MgB2, for which
the thermal conductivity has a similar field dependence.
Strikingly, " follows roughly the same field dependence
as the specific heat C for both NbSe2 and MgB2. This is
shown in Fig. 3 where "#H$ and C#H$ are plotted on a
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MgB2 [19,20], and V3Si [21,22], with H k c for hexagonal
NbSe2 and MgB2, and H k a for cubic V3Si. In conven-
tional superconductors such as V3Si, "#H$ and C#H$ are
very different [see Fig. 3(c)] because the excited elec-
tronic states are largely localized.

MgB2 is a well-established case of MBSC with a small
gap on one FS ("$ ! 1:8 meV) and a large gap on the

other ("% ! 6:8 meV). The field dependence of its heat
capacity is well understood in this context [20], with a
distinctive shoulder at a field of Hc2=10 [see Fig. 3(b)]
[23]. A similar shoulder is also manifest in NbSe2 around
Hc2=9 [see Fig. 3(a)]. Empirically, the striking fact that
heat transport and heat capacity have the same field
dependence in both materials points to a common expla-
nation and hence suggests that NbSe2 is host to multiband
superconductivity [24]. This is consistent with recent
ARPES measurements at T ! 0:8Tc [4].
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of vortex core bound states occurs gradually on the
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low-field region. For NbSe2, both "=T and C=T have been
measured with high precision on the same crystals,
thereby making a detailed comparison possible.
Figure 4(a) shows the comparison for fields below
Hc2=10, where the two do not coincide: C=T increases
abruptly above Hc1 while "=T grows slowly, in an acti-
vated way. This is consistent with the presence of local-
ized states at very low fields as imaged by STS [6,7]. Then
this behavior gives way to a rapid increase of the thermal
conductivity at fields above 0:03Hc2. This is a clear in-
dication that the field scale associated with delocalization
in NbSe2 is much smaller than Hc2.

In fact, we can scale the behavior of the low-field
thermal conductivity of NbSe2 to that of V3Si using H' !
Hc2=9 [Fig. 4(b)]. This is also seen clearly if we plot the
ratio of the thermal conductivity to the specific heat
[Fig. 4(c)] which measures the degree of delocalization.
The ratio is seen to have two regimes: a rapid increase
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Figure 2.10 Exemple de symétries de gaps supraconducteurs sur une surface de Fermi 2D
circulaire. À gauche, un gap s-wave isotrope et à droite un gap d-wave de symétrie dx2�y2

anisotrope où le gap change de signe.

peut atteindre des températures allant jusqu’à 135 K dans HgBa2Ca2CuO3Ox à pression
ambiante [63]. Sous pression, cette valeur augmente jusqu’à 164 K [64]. Nous sommes donc
à mi-chemin d’un supraconducteur à température ambiante.

Tel que mentionné précédemment, les cuprates ont un mécanisme de supraconductivité
dit non conventionnel, c’est-à-dire qu’il n’est pas décrit par la théorie BCS. Dans un méca-
nisme de supraconductivité conventionnel, les électrons de vecteurs d’onde et de spins opposés
forment des paires, appelées paires de Cooper. Ces paires sont créées par les interactions cou-
lombiennes positives que les électrons ont avec les ions du réseau. Ces paires forment un état
cohérent macroscopique qui brise la symétrie de jauge et ouvre un gap isotrope d’énergie
� au niveau de Fermi (appelé s-wave). Dans le cas des cuprates, le mécanisme responsable
de la supraconductivité ouvre, quant à lui, un gap anisotrope au niveau de Fermi (appelé
d-wave). Ce gap s’annule à certains points spécifiques appelés nœuds. De plus, le signe du
gap varie entre les différents endroits où le gap est nul.

Afin d’étudier l’état fondamental sous-jacent des cuprates en l’absence de la supracon-
ductivité, il est possible de briser les paires de Cooper et d’atteindre l’état normal. Expéri-
mentalement, la suppression de la supraconductivité est faite par l’application d’un champ
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ambiante [63]. Sous pression, cette valeur augmente jusqu’à 164 K [64]. Nous sommes donc
à mi-chemin d’un supraconducteur à température ambiante.

Tel que mentionné précédemment, les cuprates ont un mécanisme de supraconductivité
dit non conventionnel, c’est-à-dire qu’il n’est pas décrit par la théorie BCS. Dans un méca-
nisme de supraconductivité conventionnel, les électrons de vecteurs d’onde et de spins opposés
forment des paires, appelées paires de Cooper. Ces paires sont créées par les interactions cou-
lombiennes positives que les électrons ont avec les ions du réseau. Ces paires forment un état
cohérent macroscopique qui brise la symétrie de jauge et ouvre un gap isotrope d’énergie
� au niveau de Fermi (appelé s-wave). Dans le cas des cuprates, le mécanisme responsable
de la supraconductivité ouvre, quant à lui, un gap anisotrope au niveau de Fermi (appelé
d-wave). Ce gap s’annule à certains points spécifiques appelés nœuds. De plus, le signe du
gap varie entre les différents endroits où le gap est nul.

Afin d’étudier l’état fondamental sous-jacent des cuprates en l’absence de la supracon-
ductivité, il est possible de briser les paires de Cooper et d’atteindre l’état normal. Expéri-
mentalement, la suppression de la supraconductivité est faite par l’application d’un champ
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d-wave). Ce gap s’annule à certains points spécifiques appelés nœuds. De plus, le signe du
gap varie entre les différents endroits où le gap est nul.

Afin d’étudier l’état fondamental sous-jacent des cuprates en l’absence de la supracon-
ductivité, il est possible de briser les paires de Cooper et d’atteindre l’état normal. Expéri-
mentalement, la suppression de la supraconductivité est faite par l’application d’un champ
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Cuprate superconductors



Six regions

1) Superconductivity

2) Mott insulator

3) Fermi liquid

4) Strange metal

5) Charge order

6) Pseudogap phase
Figure 2.9 Diagramme de phase température-dopage typique des cuprates dopés en trous.
À bas dopage, nous avons la phase antiferromagnétique (AF) isolante (en brun). La phase
pseudogap, délimitée par la température T

⇤ et le dopage critique p
⇤ est indiqué en jaune. À

dopage intermédiaire apparaît un ordre de charge nommé onde de densité de charge (ODC, ou
CDW en anglais) (en bleu). La phase supraconductrice se situe sous la température critique
Tc (ligne pointillée). À plus haut dopage, vers la fin du dôme supraconducteur, les cuprates
sont de relativement bons métaux décrits par la théorie de liquide de Fermi (FL, en anglais).
Autour du point critique p

⇤, les cuprates ont un comportement de métaux étranges (SM, en
anglais) en blanc. La figure est tirée de [62].
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The thermal conductivity of YBa2Cu3O6.9 was measured at low temperatures in untwinned single

crystals with concentrations of Zn impurities from 0% to 3% of Cu. A linear term k0yT ≠
0.19 mWK22 cm21 is clearly resolved as T ! 0, and found to be virtually independent of Zn
concentration. The existence of this residual normal fluid strongly validates the basic theory of transport
in unconventional superconductors. Moreover, the observed universal behavior is in quantitative
agreement with calculations for a gap function of d-wave symmetry. [S0031-9007(97)03618-1]

PACS numbers: 74.25.Fy, 74.72.Bk

The theory of quasiparticle transport in unconventional
superconductors, developed over the last decade, has re-
mained largely untested. A novel feature that arises when
the superconducting gap function has nodes for certain
crystal directions is the existence of quasiparticles at
T ≠ 0. This residual normal fluid is a consequence of
impurity scattering, even for low concentrations of non-
magnetic impurities (see [1,2], and references therein). Its
presence, which should dominate the conduction of heat
and charge at T ø Tc, has yet to be firmly established
[3], and its properties have never been investigated. For
certain pairing states, with appropriate gap topology and
symmetry, an appealing phenomenon is predicted to oc-
cur: quasiparticle transport should be independent of scat-
tering rate as T ! 0. This universal limit, first pointed
out by Lee [4] for the case of a d-wave gap in two dimen-
sions, is the result of a compensation between the growth
in normal fluid density with increasing impurity concen-
tration and the concomitant reduction in mean free path.
In this Letter, we report the first observation of uni-

versal transport in a superconductor. Our study of heat
conduction in the high-Tc cuprate YBa2Cu3O6.9 provides
a solid validation of the basic theory of transport in un-
conventional superconductors and insight into the nature
of impurity scattering in the cuprates. It also supports
strongly an identification of the gap function as having d-
wave symmetry.
The thermal conductivity ksTd was measured between

0.05 and 1 K, for a current along the a axis of five single
crystals: four untwinned crystals of YBa2sCu12xZnxd3O6.9
and one crystal of YBa2Cu3O6.0. The latter was ob-
tained by full deoxygenation via annealing at 800 ±C in
helium gas for 64 h; it is insulating, with ras100 Kd ≠
42.7 Vm. x is the nominal concentration of Zn, achieved
by mixing in ZnO powder at the start of the growth
process in the atomic ratio Zn:Cu::1.5x:1 2 x, for x ≠ 0,
0.006, 0.02, and 0.03. The experimental technique and the
sample preparation are described elsewhere [5,6]. The re-

sistive Tc is given in Table I. The uncertainty on the geo-
metric factor is at most 610%, 10%, 20%, 5%, and 10%
for the x ≠ 0 (“pure”), 0.6%, 2%, 3%, and deoxygenated
(“deox”) samples, respectively.
The a-axis resistivity is linear in temperature above

130 K [6], and a fit to A 1 BT yields the values in
Table I. Zn substitution has two effects: it reduces Tc
and it increases A. At low concentration, both effects
are linear, and dTcydA ≠ 20.5 KymV cm, in agreement
with data on twinned crystals (e.g., [7]). Concentrations
of Zn from 0% to 3% correspond to a large range of
scattering rates, but to a modest level of pair breaking:
adding 3% Zn suppresses Tc by only 20%. Given that
the inelastic scattering term B is independent of x, the
impurity scattering rate G ≠ 1y2t0 may be estimated via
the residual resistivity r0 ≠ mpyne2t0:

Grsxd ≠ sv2
py8pd fr0sx ≠ 0d 1 Asxd 2 As0dg , (1)

where vp ≠
p

4pne2ymp is the Drude plasma frequency
and r0sx ≠ 0d is the resistivity of the pure crystal
at T ≠ 0. The latter is estimated via the microwave
conductivity, from which the mean free path is known
to increase by .100 in going from 100 K to .10 K in

TABLE I. Sample characteristics for the four untwinned a-
axis crystals of YBa2sCu12xZnxd3O6.9. x is the nominal zinc
concentration and Tc is the superconducting transition tem-
perature. A and B are extracted from a linear fit of the
resistivity (130 , T , 200 K). The scattering rate Gr is esti-
mated via the resistivity using Eq. (1) with vp ≠ 1.3 eV and
r0sx ≠ 0d ≠ 1 mV cm.

x Tc A B GryTc0

(%) (K) smV cmd smV cmK21d sh̄ykBd

pure 93.6 214.3 0.95 ,0.014
0.6 89.2 26.0 1.00 0.13
2 80.0 12.9 0.94 0.4
3 74.6 22.9 1.07 0.54
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high-quality untwinned crystals [8]. Since ras100 Kd .
75 mV cm, then r0sx ≠ 0d , 1 mV cm. With vp ≠
1.3 eV (a axis) [9], one gets the scattering rates listed in
Table I, in units of Tc0 ≠ Tcsx ≠ 0d. Note that 3% of Zn
causes a 40-fold increase in G.
In order to use ksT d as a probe of quasiparticle behavior,

the phonon contribution must be extracted reliably. This
can be done only by going to temperatures sufficiently
low that the phonon conductivity kph has reached its well-
defined asymptotic T 3 dependence, given by

kph ≠
1
3

bkyphlL0T3, (2)

where b is the phonon specific heat coefficient, kyphl is a
suitable average of the acoustic sound velocities, and L0 is
the temperature-independent maximum phonon mean free
path. In nonmagnetic insulators, acoustic phonons are the
only carriers of heat at low temperature and Eq. (2) is well
verified, with kyphl ≠ yLs2s2 1 1dys2s3 1 1d in single
crystals, where s ≠ yLyyT is the ratio of longitudinal to
transverse velocities [10]. In high-quality crystals, L0 ≠
2w̄y

p
p, where w̄ is the (geometric) mean width of a

rectangular sample [10].
The simplest way of investigating the phonon contribu-

tion in YBa2Cu3Oy is to remove all electronic carriers by
setting y . 6.0. (Note that antiferromagnetic magnons
are not expected to contribute at T , 1 K, since the
acoustic spin-wave gap in YBa2Cu3O6.15 is.100 K [11].)
The thermal conductivity of such an insulating crystal is
shown in Fig. 1 (triangles). As seen from the linear fit,
kyT ≠ a 1 bT2 below about 0.15 K, with a ≠ 0 and
b ≠ 14 mWK24 cm21. The first question of interest is:
what happens when electronic carriers are introduced?
The answer is provided by the thermal conductivity of

FIG. 1. a-axis thermal conductivity of the two YBa2Cu3Oy
crystals, one superconducting ( y ≠ 6.9; circles) and one insu-
lating ( y ≠ 6.0; triangles). Main panel: kyT vs T2; lines are
fits to a 1 bT2 for T , 0.15 K. Inset: kyT vs T .

a well-oxygenated crystal, also shown in Fig. 1 (cir-
cles): electronic carriers contribute a definite linear
term to ksT d. Applying the same fit as before yields
a ≠ 0.19 mWK22 cm21 and b ≠ 17 mWK24 cm21.
It must be emphasized that such an analysis is sound

only when applied to the asymptotic regime for kph. To
confirm that this is indeed the case for T , 150 mK in the
insulating crystal, note that a ≠ 0 and the magnitude of
the cubic term is right; i.e., it corresponds to a maximum
mean free path L0 dictated by the mean crystal width
w̄. Indeed, from Eq. (2) using b ≠ 0.3 0.4 mJyK4mole
[12,13] and kyphl ≠ 4000 mys (yL . 6000 mys, yT .
3700 mys [14]), L0 ≠ 270 360 mm ≠ 2w̄y

p
p (see

Table II). (Note that b and kyphl, given here for y . 6.9,
could be slightly different for y . 6.0 [13,14].) So the
phonon mean free path in the y ≠ 6.0 sample unambigu-
ously reaches its maximum, boundary-limited value at
.0.15 K. It is then reasonable to expect a very similar
phonon behavior in the y ≠ 6.9 sample, given its nomi-
nally identical crystalline quality and surface quality,
and its comparable dimensions. This is nicely borne out
by the kyT data in Fig. 1: the only difference between
the two curves ( y ≠ 6.9 and 6.0) is a rigid offset. In
such a well-defined context, the appearence of a linear
term upon introducing electronic carriers is conclusive
evidence for the existence of zero-energy quasiparticles in
YBa2Cu3O6.9 and, as a result, it confirms a key feature of
the basic theory of transport in unconventional supercon-
ductors [1,2,4,15–18]. In this connection, earlier claims
of a residual electronic linear term in k of YBa2Cu3O72d

were inconclusive, being all based on the same analysis
as used here but applied to arbitrary temperature regimes
(for a review, see [19]).
Having established the existence of a residual normal

fluid in YBa2Cu3O6.9, the next question is that of univer-
sality. This is addressed by looking at concentrations of
Zn such that G ranges from ,0.014Tc up to 0.54Tc. The
thermal conductivity of YBa2sCu12xZnxd3O6.9 is shown
in Fig. 2, where it is apparent that k is unaffected by the
variation in G at T . 0.1 K, where the heat is carried pre-
dominently by quasiparticles (cf. Fig. 1). In other words,
transport by the residual normal fluid is universal.
The T ! 0 limit of kyT is obtained from a fit to a 1

bT2 limited to T , 150 mK, as applied earlier, which
yields the values for a ≠ k0yT and b listed in Table II.
Note that the ratio L0ys2w̄y

p
p d . 1 for all crystals,

proving that the asymptotic phonon regime was reached in
all cases. (The somewhat larger ratio for the pure sample
is intriguing—further work is needed to elucidate this.)
As seen from a plot of k0yT versus G, shown in Fig. 3,
these values are consistent with a universal linear term of
0.19 mWK22 cm21. Note, however, that the error bars
on the values of a and b in Table II are fairly large,
because they combine uncertainties on the geometric
factors (largest for the rather short 2% sample) and on
the fit, which is limited to a small temperature range
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agreement with calculations for a gap function of d-wave symmetry. [S0031-9007(97)03618-1]
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The theory of quasiparticle transport in unconventional
superconductors, developed over the last decade, has re-
mained largely untested. A novel feature that arises when
the superconducting gap function has nodes for certain
crystal directions is the existence of quasiparticles at
T ≠ 0. This residual normal fluid is a consequence of
impurity scattering, even for low concentrations of non-
magnetic impurities (see [1,2], and references therein). Its
presence, which should dominate the conduction of heat
and charge at T ø Tc, has yet to be firmly established
[3], and its properties have never been investigated. For
certain pairing states, with appropriate gap topology and
symmetry, an appealing phenomenon is predicted to oc-
cur: quasiparticle transport should be independent of scat-
tering rate as T ! 0. This universal limit, first pointed
out by Lee [4] for the case of a d-wave gap in two dimen-
sions, is the result of a compensation between the growth
in normal fluid density with increasing impurity concen-
tration and the concomitant reduction in mean free path.
In this Letter, we report the first observation of uni-

versal transport in a superconductor. Our study of heat
conduction in the high-Tc cuprate YBa2Cu3O6.9 provides
a solid validation of the basic theory of transport in un-
conventional superconductors and insight into the nature
of impurity scattering in the cuprates. It also supports
strongly an identification of the gap function as having d-
wave symmetry.
The thermal conductivity ksTd was measured between

0.05 and 1 K, for a current along the a axis of five single
crystals: four untwinned crystals of YBa2sCu12xZnxd3O6.9
and one crystal of YBa2Cu3O6.0. The latter was ob-
tained by full deoxygenation via annealing at 800 ±C in
helium gas for 64 h; it is insulating, with ras100 Kd ≠
42.7 Vm. x is the nominal concentration of Zn, achieved
by mixing in ZnO powder at the start of the growth
process in the atomic ratio Zn:Cu::1.5x:1 2 x, for x ≠ 0,
0.006, 0.02, and 0.03. The experimental technique and the
sample preparation are described elsewhere [5,6]. The re-

sistive Tc is given in Table I. The uncertainty on the geo-
metric factor is at most 610%, 10%, 20%, 5%, and 10%
for the x ≠ 0 (“pure”), 0.6%, 2%, 3%, and deoxygenated
(“deox”) samples, respectively.
The a-axis resistivity is linear in temperature above

130 K [6], and a fit to A 1 BT yields the values in
Table I. Zn substitution has two effects: it reduces Tc
and it increases A. At low concentration, both effects
are linear, and dTcydA ≠ 20.5 KymV cm, in agreement
with data on twinned crystals (e.g., [7]). Concentrations
of Zn from 0% to 3% correspond to a large range of
scattering rates, but to a modest level of pair breaking:
adding 3% Zn suppresses Tc by only 20%. Given that
the inelastic scattering term B is independent of x, the
impurity scattering rate G ≠ 1y2t0 may be estimated via
the residual resistivity r0 ≠ mpyne2t0:

Grsxd ≠ sv2
py8pd fr0sx ≠ 0d 1 Asxd 2 As0dg , (1)

where vp ≠
p

4pne2ymp is the Drude plasma frequency
and r0sx ≠ 0d is the resistivity of the pure crystal
at T ≠ 0. The latter is estimated via the microwave
conductivity, from which the mean free path is known
to increase by .100 in going from 100 K to .10 K in

TABLE I. Sample characteristics for the four untwinned a-
axis crystals of YBa2sCu12xZnxd3O6.9. x is the nominal zinc
concentration and Tc is the superconducting transition tem-
perature. A and B are extracted from a linear fit of the
resistivity (130 , T , 200 K). The scattering rate Gr is esti-
mated via the resistivity using Eq. (1) with vp ≠ 1.3 eV and
r0sx ≠ 0d ≠ 1 mV cm.

x Tc A B GryTc0

(%) (K) smV cmd smV cmK21d sh̄ykBd

pure 93.6 214.3 0.95 ,0.014
0.6 89.2 26.0 1.00 0.13
2 80.0 12.9 0.94 0.4
3 74.6 22.9 1.07 0.54

0031-9007y97y79(3)y483(4)$10.00 © 1997 The American Physical Society 483

VOLUME 79, NUMBER 3 P HY S I CA L REV I EW LE T T ER S 21 JULY 1997

high-quality untwinned crystals [8]. Since ras100 Kd .
75 mV cm, then r0sx ≠ 0d , 1 mV cm. With vp ≠
1.3 eV (a axis) [9], one gets the scattering rates listed in
Table I, in units of Tc0 ≠ Tcsx ≠ 0d. Note that 3% of Zn
causes a 40-fold increase in G.
In order to use ksT d as a probe of quasiparticle behavior,

the phonon contribution must be extracted reliably. This
can be done only by going to temperatures sufficiently
low that the phonon conductivity kph has reached its well-
defined asymptotic T 3 dependence, given by

kph ≠
1
3

bkyphlL0T3, (2)

where b is the phonon specific heat coefficient, kyphl is a
suitable average of the acoustic sound velocities, and L0 is
the temperature-independent maximum phonon mean free
path. In nonmagnetic insulators, acoustic phonons are the
only carriers of heat at low temperature and Eq. (2) is well
verified, with kyphl ≠ yLs2s2 1 1dys2s3 1 1d in single
crystals, where s ≠ yLyyT is the ratio of longitudinal to
transverse velocities [10]. In high-quality crystals, L0 ≠
2w̄y

p
p, where w̄ is the (geometric) mean width of a

rectangular sample [10].
The simplest way of investigating the phonon contribu-

tion in YBa2Cu3Oy is to remove all electronic carriers by
setting y . 6.0. (Note that antiferromagnetic magnons
are not expected to contribute at T , 1 K, since the
acoustic spin-wave gap in YBa2Cu3O6.15 is.100 K [11].)
The thermal conductivity of such an insulating crystal is
shown in Fig. 1 (triangles). As seen from the linear fit,
kyT ≠ a 1 bT2 below about 0.15 K, with a ≠ 0 and
b ≠ 14 mWK24 cm21. The first question of interest is:
what happens when electronic carriers are introduced?
The answer is provided by the thermal conductivity of

FIG. 1. a-axis thermal conductivity of the two YBa2Cu3Oy
crystals, one superconducting ( y ≠ 6.9; circles) and one insu-
lating ( y ≠ 6.0; triangles). Main panel: kyT vs T2; lines are
fits to a 1 bT2 for T , 0.15 K. Inset: kyT vs T .

a well-oxygenated crystal, also shown in Fig. 1 (cir-
cles): electronic carriers contribute a definite linear
term to ksT d. Applying the same fit as before yields
a ≠ 0.19 mWK22 cm21 and b ≠ 17 mWK24 cm21.
It must be emphasized that such an analysis is sound

only when applied to the asymptotic regime for kph. To
confirm that this is indeed the case for T , 150 mK in the
insulating crystal, note that a ≠ 0 and the magnitude of
the cubic term is right; i.e., it corresponds to a maximum
mean free path L0 dictated by the mean crystal width
w̄. Indeed, from Eq. (2) using b ≠ 0.3 0.4 mJyK4mole
[12,13] and kyphl ≠ 4000 mys (yL . 6000 mys, yT .
3700 mys [14]), L0 ≠ 270 360 mm ≠ 2w̄y

p
p (see

Table II). (Note that b and kyphl, given here for y . 6.9,
could be slightly different for y . 6.0 [13,14].) So the
phonon mean free path in the y ≠ 6.0 sample unambigu-
ously reaches its maximum, boundary-limited value at
.0.15 K. It is then reasonable to expect a very similar
phonon behavior in the y ≠ 6.9 sample, given its nomi-
nally identical crystalline quality and surface quality,
and its comparable dimensions. This is nicely borne out
by the kyT data in Fig. 1: the only difference between
the two curves ( y ≠ 6.9 and 6.0) is a rigid offset. In
such a well-defined context, the appearence of a linear
term upon introducing electronic carriers is conclusive
evidence for the existence of zero-energy quasiparticles in
YBa2Cu3O6.9 and, as a result, it confirms a key feature of
the basic theory of transport in unconventional supercon-
ductors [1,2,4,15–18]. In this connection, earlier claims
of a residual electronic linear term in k of YBa2Cu3O72d

were inconclusive, being all based on the same analysis
as used here but applied to arbitrary temperature regimes
(for a review, see [19]).
Having established the existence of a residual normal

fluid in YBa2Cu3O6.9, the next question is that of univer-
sality. This is addressed by looking at concentrations of
Zn such that G ranges from ,0.014Tc up to 0.54Tc. The
thermal conductivity of YBa2sCu12xZnxd3O6.9 is shown
in Fig. 2, where it is apparent that k is unaffected by the
variation in G at T . 0.1 K, where the heat is carried pre-
dominently by quasiparticles (cf. Fig. 1). In other words,
transport by the residual normal fluid is universal.
The T ! 0 limit of kyT is obtained from a fit to a 1

bT2 limited to T , 150 mK, as applied earlier, which
yields the values for a ≠ k0yT and b listed in Table II.
Note that the ratio L0ys2w̄y

p
p d . 1 for all crystals,

proving that the asymptotic phonon regime was reached in
all cases. (The somewhat larger ratio for the pure sample
is intriguing—further work is needed to elucidate this.)
As seen from a plot of k0yT versus G, shown in Fig. 3,
these values are consistent with a universal linear term of
0.19 mWK22 cm21. Note, however, that the error bars
on the values of a and b in Table II are fairly large,
because they combine uncertainties on the geometric
factors (largest for the rather short 2% sample) and on
the fit, which is limited to a small temperature range
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TABLE II. Parameters used in fitting kyT to a 1 bT2, where a ≠ k0yT is the electronic
residual linear term and b ≠ kphyT3 is the asymptotic phonon T3 term. w̄ is the mean
sample width and L0 is calculated from Eq. (2) using b ≠ 0.3 0.4 mJyK4mole and kyphl ≠
4000 mys.

Sample w̄ k0yT kphyT3

(%) smmd smWK22 cm21d smWK24 cm21d
p

p L0y2w̄

Pure 252 0.19 6 0.03 17 6 2 1.2 1.6
0.6% 242 0.17 6 0.04 11 6 2 0.8 1.0
2% 177 0.25 6 0.07 7 6 3 0.7 0.9
3% 238 0.20 6 0.05 8 6 3 0.6 0.8

Deox 315 0.00 6 0.01 14 6 2 0.8 1.0

(smallest for the 3% sample). One way of eliminating the
uncertainty on the geometric factor is to use the resistivity
data obtained with the same contacts. Indeed, by fixing
B ≠ 1.03 mV cmK21 for all samples, thereby imposing
the reasonable constraint that the inelastic scattering is not
affected by small levels of Zn, one can correct k0yT by
multiplying it by Bsxdy1.03. This yields the following
corrected values: 0.17 6 0.01, 0.17 6 0.02, 0.23 6 0.02,
and 0.21 6 0.04 mWK22 cm21, for x ≠ 0%, 0.6%, 2%,
and 3%, respectively. These are plotted in the inset of
Fig. 3 versus the similarly corrected Gr . The corrected
plot with its smaller error bars no longer allows for a
constant linear term: there is a small but definite upward
slope, with a minimum growth of 30% over the range
of Gr and a maximum growth of 55%. From this we
conclude that while the residual linear term is universal,
in the sense that a tenfold increase in G (from 0.014Tc
to 0.13Tc in going from x ≠ 0% to 0.6%) leaves k0yT
unchanged, at larger G there is a slight increase, reaching
approximately 40% at GyTc . 0.6.
Let us now compare our results with the theory of

heat transport in unconventional superconductors [15–
18]. The first point to emphasize is that universality is

FIG. 2. a-axis thermal conductivity of the four Zn-doped
crystals, plotted as kyT vs T .

expected only for special gap functions with appropriate
topology and symmetry. This is the case for a pairing
state of dx22y2 symmetry, with line nodes at azimuthal
angles f ≠ mpy4 (m ≠ 1, 3, 5, 7). The T ≠ 0 limit of
kyT along the x (or a) direction is [15,16]

k00

T
≠ L0s00 ! L0ne2

mp

2h̄
pS

≠
h̄k2

Bv2
p

6e2

1
S

, (3)

where s00 is the universal limit of charge conductivity
[4,16], L0 ≠ sp2y3d skByed2 is the Sommerfeld value of
the Lorenz number, and S ≠ jdDsfdydfjnode is the slope
of the gap at the node [16]. The topology of the excitation
gap right at the node [e.g., Dsfd , f 2 py4] determines
universality and then the slope S sets the magnitude of
k00yT . Note that a gap function of the right topology but
of s-wave symmetry will not in general show universal
behavior, so that our observation of a universal k0yT is
strong support for a gap of d-wave symmetry.
A quantitative comparison with the theory reinforces

this conclusion. In the simplified case of the standard

FIG. 3. Residual linear term vs scattering rate for the four
crystals of YBa 2sCu12xZnx d3O6.9; the dashed line indicates a
constant at 0.19 mWK22 cm21. Inset: same, but with corrected
values (see text); the solid line is a least-squares fit.
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concentration. The existence of this residual normal fluid strongly validates the basic theory of transport
in unconventional superconductors. Moreover, the observed universal behavior is in quantitative
agreement with calculations for a gap function of d-wave symmetry. [S0031-9007(97)03618-1]

PACS numbers: 74.25.Fy, 74.72.Bk

The theory of quasiparticle transport in unconventional
superconductors, developed over the last decade, has re-
mained largely untested. A novel feature that arises when
the superconducting gap function has nodes for certain
crystal directions is the existence of quasiparticles at
T ≠ 0. This residual normal fluid is a consequence of
impurity scattering, even for low concentrations of non-
magnetic impurities (see [1,2], and references therein). Its
presence, which should dominate the conduction of heat
and charge at T ø Tc, has yet to be firmly established
[3], and its properties have never been investigated. For
certain pairing states, with appropriate gap topology and
symmetry, an appealing phenomenon is predicted to oc-
cur: quasiparticle transport should be independent of scat-
tering rate as T ! 0. This universal limit, first pointed
out by Lee [4] for the case of a d-wave gap in two dimen-
sions, is the result of a compensation between the growth
in normal fluid density with increasing impurity concen-
tration and the concomitant reduction in mean free path.
In this Letter, we report the first observation of uni-

versal transport in a superconductor. Our study of heat
conduction in the high-Tc cuprate YBa2Cu3O6.9 provides
a solid validation of the basic theory of transport in un-
conventional superconductors and insight into the nature
of impurity scattering in the cuprates. It also supports
strongly an identification of the gap function as having d-
wave symmetry.
The thermal conductivity ksTd was measured between

0.05 and 1 K, for a current along the a axis of five single
crystals: four untwinned crystals of YBa2sCu12xZnxd3O6.9
and one crystal of YBa2Cu3O6.0. The latter was ob-
tained by full deoxygenation via annealing at 800 ±C in
helium gas for 64 h; it is insulating, with ras100 Kd ≠
42.7 Vm. x is the nominal concentration of Zn, achieved
by mixing in ZnO powder at the start of the growth
process in the atomic ratio Zn:Cu::1.5x:1 2 x, for x ≠ 0,
0.006, 0.02, and 0.03. The experimental technique and the
sample preparation are described elsewhere [5,6]. The re-

sistive Tc is given in Table I. The uncertainty on the geo-
metric factor is at most 610%, 10%, 20%, 5%, and 10%
for the x ≠ 0 (“pure”), 0.6%, 2%, 3%, and deoxygenated
(“deox”) samples, respectively.
The a-axis resistivity is linear in temperature above

130 K [6], and a fit to A 1 BT yields the values in
Table I. Zn substitution has two effects: it reduces Tc
and it increases A. At low concentration, both effects
are linear, and dTcydA ≠ 20.5 KymV cm, in agreement
with data on twinned crystals (e.g., [7]). Concentrations
of Zn from 0% to 3% correspond to a large range of
scattering rates, but to a modest level of pair breaking:
adding 3% Zn suppresses Tc by only 20%. Given that
the inelastic scattering term B is independent of x, the
impurity scattering rate G ≠ 1y2t0 may be estimated via
the residual resistivity r0 ≠ mpyne2t0:

Grsxd ≠ sv2
py8pd fr0sx ≠ 0d 1 Asxd 2 As0dg , (1)

where vp ≠
p

4pne2ymp is the Drude plasma frequency
and r0sx ≠ 0d is the resistivity of the pure crystal
at T ≠ 0. The latter is estimated via the microwave
conductivity, from which the mean free path is known
to increase by .100 in going from 100 K to .10 K in

TABLE I. Sample characteristics for the four untwinned a-
axis crystals of YBa2sCu12xZnxd3O6.9. x is the nominal zinc
concentration and Tc is the superconducting transition tem-
perature. A and B are extracted from a linear fit of the
resistivity (130 , T , 200 K). The scattering rate Gr is esti-
mated via the resistivity using Eq. (1) with vp ≠ 1.3 eV and
r0sx ≠ 0d ≠ 1 mV cm.

x Tc A B GryTc0

(%) (K) smV cmd smV cmK21d sh̄ykBd

pure 93.6 214.3 0.95 ,0.014
0.6 89.2 26.0 1.00 0.13
2 80.0 12.9 0.94 0.4
3 74.6 22.9 1.07 0.54
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high-quality untwinned crystals [8]. Since ras100 Kd .
75 mV cm, then r0sx ≠ 0d , 1 mV cm. With vp ≠
1.3 eV (a axis) [9], one gets the scattering rates listed in
Table I, in units of Tc0 ≠ Tcsx ≠ 0d. Note that 3% of Zn
causes a 40-fold increase in G.
In order to use ksT d as a probe of quasiparticle behavior,

the phonon contribution must be extracted reliably. This
can be done only by going to temperatures sufficiently
low that the phonon conductivity kph has reached its well-
defined asymptotic T 3 dependence, given by

kph ≠
1
3

bkyphlL0T3, (2)

where b is the phonon specific heat coefficient, kyphl is a
suitable average of the acoustic sound velocities, and L0 is
the temperature-independent maximum phonon mean free
path. In nonmagnetic insulators, acoustic phonons are the
only carriers of heat at low temperature and Eq. (2) is well
verified, with kyphl ≠ yLs2s2 1 1dys2s3 1 1d in single
crystals, where s ≠ yLyyT is the ratio of longitudinal to
transverse velocities [10]. In high-quality crystals, L0 ≠
2w̄y

p
p, where w̄ is the (geometric) mean width of a

rectangular sample [10].
The simplest way of investigating the phonon contribu-

tion in YBa2Cu3Oy is to remove all electronic carriers by
setting y . 6.0. (Note that antiferromagnetic magnons
are not expected to contribute at T , 1 K, since the
acoustic spin-wave gap in YBa2Cu3O6.15 is.100 K [11].)
The thermal conductivity of such an insulating crystal is
shown in Fig. 1 (triangles). As seen from the linear fit,
kyT ≠ a 1 bT2 below about 0.15 K, with a ≠ 0 and
b ≠ 14 mWK24 cm21. The first question of interest is:
what happens when electronic carriers are introduced?
The answer is provided by the thermal conductivity of

FIG. 1. a-axis thermal conductivity of the two YBa2Cu3Oy
crystals, one superconducting ( y ≠ 6.9; circles) and one insu-
lating ( y ≠ 6.0; triangles). Main panel: kyT vs T2; lines are
fits to a 1 bT2 for T , 0.15 K. Inset: kyT vs T .

a well-oxygenated crystal, also shown in Fig. 1 (cir-
cles): electronic carriers contribute a definite linear
term to ksT d. Applying the same fit as before yields
a ≠ 0.19 mWK22 cm21 and b ≠ 17 mWK24 cm21.
It must be emphasized that such an analysis is sound

only when applied to the asymptotic regime for kph. To
confirm that this is indeed the case for T , 150 mK in the
insulating crystal, note that a ≠ 0 and the magnitude of
the cubic term is right; i.e., it corresponds to a maximum
mean free path L0 dictated by the mean crystal width
w̄. Indeed, from Eq. (2) using b ≠ 0.3 0.4 mJyK4mole
[12,13] and kyphl ≠ 4000 mys (yL . 6000 mys, yT .
3700 mys [14]), L0 ≠ 270 360 mm ≠ 2w̄y

p
p (see

Table II). (Note that b and kyphl, given here for y . 6.9,
could be slightly different for y . 6.0 [13,14].) So the
phonon mean free path in the y ≠ 6.0 sample unambigu-
ously reaches its maximum, boundary-limited value at
.0.15 K. It is then reasonable to expect a very similar
phonon behavior in the y ≠ 6.9 sample, given its nomi-
nally identical crystalline quality and surface quality,
and its comparable dimensions. This is nicely borne out
by the kyT data in Fig. 1: the only difference between
the two curves ( y ≠ 6.9 and 6.0) is a rigid offset. In
such a well-defined context, the appearence of a linear
term upon introducing electronic carriers is conclusive
evidence for the existence of zero-energy quasiparticles in
YBa2Cu3O6.9 and, as a result, it confirms a key feature of
the basic theory of transport in unconventional supercon-
ductors [1,2,4,15–18]. In this connection, earlier claims
of a residual electronic linear term in k of YBa2Cu3O72d

were inconclusive, being all based on the same analysis
as used here but applied to arbitrary temperature regimes
(for a review, see [19]).
Having established the existence of a residual normal

fluid in YBa2Cu3O6.9, the next question is that of univer-
sality. This is addressed by looking at concentrations of
Zn such that G ranges from ,0.014Tc up to 0.54Tc. The
thermal conductivity of YBa2sCu12xZnxd3O6.9 is shown
in Fig. 2, where it is apparent that k is unaffected by the
variation in G at T . 0.1 K, where the heat is carried pre-
dominently by quasiparticles (cf. Fig. 1). In other words,
transport by the residual normal fluid is universal.
The T ! 0 limit of kyT is obtained from a fit to a 1

bT2 limited to T , 150 mK, as applied earlier, which
yields the values for a ≠ k0yT and b listed in Table II.
Note that the ratio L0ys2w̄y

p
p d . 1 for all crystals,

proving that the asymptotic phonon regime was reached in
all cases. (The somewhat larger ratio for the pure sample
is intriguing—further work is needed to elucidate this.)
As seen from a plot of k0yT versus G, shown in Fig. 3,
these values are consistent with a universal linear term of
0.19 mWK22 cm21. Note, however, that the error bars
on the values of a and b in Table II are fairly large,
because they combine uncertainties on the geometric
factors (largest for the rather short 2% sample) and on
the fit, which is limited to a small temperature range
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TABLE II. Parameters used in fitting kyT to a 1 bT2, where a ≠ k0yT is the electronic
residual linear term and b ≠ kphyT3 is the asymptotic phonon T3 term. w̄ is the mean
sample width and L0 is calculated from Eq. (2) using b ≠ 0.3 0.4 mJyK4mole and kyphl ≠
4000 mys.

Sample w̄ k0yT kphyT3

(%) smmd smWK22 cm21d smWK24 cm21d
p

p L0y2w̄

Pure 252 0.19 6 0.03 17 6 2 1.2 1.6
0.6% 242 0.17 6 0.04 11 6 2 0.8 1.0
2% 177 0.25 6 0.07 7 6 3 0.7 0.9
3% 238 0.20 6 0.05 8 6 3 0.6 0.8

Deox 315 0.00 6 0.01 14 6 2 0.8 1.0

(smallest for the 3% sample). One way of eliminating the
uncertainty on the geometric factor is to use the resistivity
data obtained with the same contacts. Indeed, by fixing
B ≠ 1.03 mV cmK21 for all samples, thereby imposing
the reasonable constraint that the inelastic scattering is not
affected by small levels of Zn, one can correct k0yT by
multiplying it by Bsxdy1.03. This yields the following
corrected values: 0.17 6 0.01, 0.17 6 0.02, 0.23 6 0.02,
and 0.21 6 0.04 mWK22 cm21, for x ≠ 0%, 0.6%, 2%,
and 3%, respectively. These are plotted in the inset of
Fig. 3 versus the similarly corrected Gr . The corrected
plot with its smaller error bars no longer allows for a
constant linear term: there is a small but definite upward
slope, with a minimum growth of 30% over the range
of Gr and a maximum growth of 55%. From this we
conclude that while the residual linear term is universal,
in the sense that a tenfold increase in G (from 0.014Tc
to 0.13Tc in going from x ≠ 0% to 0.6%) leaves k0yT
unchanged, at larger G there is a slight increase, reaching
approximately 40% at GyTc . 0.6.
Let us now compare our results with the theory of

heat transport in unconventional superconductors [15–
18]. The first point to emphasize is that universality is

FIG. 2. a-axis thermal conductivity of the four Zn-doped
crystals, plotted as kyT vs T .

expected only for special gap functions with appropriate
topology and symmetry. This is the case for a pairing
state of dx22y2 symmetry, with line nodes at azimuthal
angles f ≠ mpy4 (m ≠ 1, 3, 5, 7). The T ≠ 0 limit of
kyT along the x (or a) direction is [15,16]

k00

T
≠ L0s00 ! L0ne2

mp

2h̄
pS

≠
h̄k2

Bv2
p

6e2

1
S

, (3)

where s00 is the universal limit of charge conductivity
[4,16], L0 ≠ sp2y3d skByed2 is the Sommerfeld value of
the Lorenz number, and S ≠ jdDsfdydfjnode is the slope
of the gap at the node [16]. The topology of the excitation
gap right at the node [e.g., Dsfd , f 2 py4] determines
universality and then the slope S sets the magnitude of
k00yT . Note that a gap function of the right topology but
of s-wave symmetry will not in general show universal
behavior, so that our observation of a universal k0yT is
strong support for a gap of d-wave symmetry.
A quantitative comparison with the theory reinforces

this conclusion. In the simplified case of the standard

FIG. 3. Residual linear term vs scattering rate for the four
crystals of YBa 2sCu12xZnx d3O6.9; the dashed line indicates a
constant at 0.19 mWK22 cm21. Inset: same, but with corrected
values (see text); the solid line is a least-squares fit.
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TABLE II. Parameters used in fitting kyT to a 1 bT2, where a ≠ k0yT is the electronic
residual linear term and b ≠ kphyT3 is the asymptotic phonon T3 term. w̄ is the mean
sample width and L0 is calculated from Eq. (2) using b ≠ 0.3 0.4 mJyK4mole and kyphl ≠
4000 mys.

Sample w̄ k0yT kphyT3

(%) smmd smWK22 cm21d smWK24 cm21d
p

p L0y2w̄

Pure 252 0.19 6 0.03 17 6 2 1.2 1.6
0.6% 242 0.17 6 0.04 11 6 2 0.8 1.0
2% 177 0.25 6 0.07 7 6 3 0.7 0.9
3% 238 0.20 6 0.05 8 6 3 0.6 0.8

Deox 315 0.00 6 0.01 14 6 2 0.8 1.0

(smallest for the 3% sample). One way of eliminating the
uncertainty on the geometric factor is to use the resistivity
data obtained with the same contacts. Indeed, by fixing
B ≠ 1.03 mV cmK21 for all samples, thereby imposing
the reasonable constraint that the inelastic scattering is not
affected by small levels of Zn, one can correct k0yT by
multiplying it by Bsxdy1.03. This yields the following
corrected values: 0.17 6 0.01, 0.17 6 0.02, 0.23 6 0.02,
and 0.21 6 0.04 mWK22 cm21, for x ≠ 0%, 0.6%, 2%,
and 3%, respectively. These are plotted in the inset of
Fig. 3 versus the similarly corrected Gr . The corrected
plot with its smaller error bars no longer allows for a
constant linear term: there is a small but definite upward
slope, with a minimum growth of 30% over the range
of Gr and a maximum growth of 55%. From this we
conclude that while the residual linear term is universal,
in the sense that a tenfold increase in G (from 0.014Tc
to 0.13Tc in going from x ≠ 0% to 0.6%) leaves k0yT
unchanged, at larger G there is a slight increase, reaching
approximately 40% at GyTc . 0.6.
Let us now compare our results with the theory of

heat transport in unconventional superconductors [15–
18]. The first point to emphasize is that universality is

FIG. 2. a-axis thermal conductivity of the four Zn-doped
crystals, plotted as kyT vs T .

expected only for special gap functions with appropriate
topology and symmetry. This is the case for a pairing
state of dx22y2 symmetry, with line nodes at azimuthal
angles f ≠ mpy4 (m ≠ 1, 3, 5, 7). The T ≠ 0 limit of
kyT along the x (or a) direction is [15,16]

k00

T
≠ L0s00 ! L0ne2

mp
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, (3)

where s00 is the universal limit of charge conductivity
[4,16], L0 ≠ sp2y3d skByed2 is the Sommerfeld value of
the Lorenz number, and S ≠ jdDsfdydfjnode is the slope
of the gap at the node [16]. The topology of the excitation
gap right at the node [e.g., Dsfd , f 2 py4] determines
universality and then the slope S sets the magnitude of
k00yT . Note that a gap function of the right topology but
of s-wave symmetry will not in general show universal
behavior, so that our observation of a universal k0yT is
strong support for a gap of d-wave symmetry.
A quantitative comparison with the theory reinforces

this conclusion. In the simplified case of the standard

FIG. 3. Residual linear term vs scattering rate for the four
crystals of YBa 2sCu12xZnx d3O6.9; the dashed line indicates a
constant at 0.19 mWK22 cm21. Inset: same, but with corrected
values (see text); the solid line is a least-squares fit.
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We present low-temperature thermal conductivity measurements on the cuprate Tl2Ba2CuO6+! throughout
the overdoped regime. In the T→0 limit, the thermal conductivity due to d-wave nodal quasiparticles provides
a bulk measurement of the superconducting gap ". We find " to decrease with increasing doping, with a
magnitude consistent with spectroscopic measurements "photoemission and tunneling#. This argues for a pure
and simple d-wave superconducting state in the overdoped region of the phase diagram, which appears to
extend into the underdoped regime down to a hole concentration of $0.1 hole/Cu. As hole concentration is
decreased, the gap-to-Tc ratio increases, showing that the suppression of the superconducting transition tem-
perature Tc "relative to the gap# begins in the overdoped regime.
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Over the past decade, low-temperature thermal conductiv-
ity has emerged as a powerful probe of low-energy quasipar-
ticle excitations in the cuprates. Unlike conventional s-wave
superconductors, the nodes in the d-wave superconducting
order parameter of cuprates lead to a finite quasiparticle den-
sity of states at zero energy, resulting in “universal” transport
in the low-temperature limit "T→0#.1,2 By performing mea-
surements in the T→0 limit, the complicated physics of qua-
siparticle transport in these materials is greatly simplified
and meaningful quantitative comparisons between mean-
field theories in the self-consistent T-matrix
approximation3–5 "SCTMA# and experiments have been
made.6–8

In the mean-field theory, the low-T thermal conductivity
is proportional to the slope of the gap near the nodes,
!" /!#%#→$/4. By assuming a gap with a simple d-wave form
&"="0cos"2##', the gap maximum "0 can be inferred from
!" /!#, making thermal conductivity a measure of the super-
conducting gap. This measure is notable for a number of
reasons that make it an excellent complement to more con-
ventional, spectroscopic measurements of the gap. First, it is
a very-low-energy measurement of the gap, the energy scale
being set by temperature "and impurity bandwidth %#. Sec-
ond, it measures the gap near the nodes &in the &→ "$ ,$#
direction' as opposed to the antinodes "$ ,0#. Finally, thermal
conductivity provides a bulk measure of the gap, unlike
surface-sensitive techniques such as angle-resolved photo-
emission spectroscopy "ARPES# and tunneling. Together
these properties allow one to impose important constraints
on the nature of superconductivity in cuprates.

The cuprate Tl2Ba2CuO6+! "Tl-2201# is an ideal material
for quantitative investigations of d-wave superconductivity
in the cuprates. It is a single-layer material with Tc

max

$90 K, comparable to the well-studied cuprates
Bi2Ba2CaCu2O8+! "Bi2212# and YBa2Cu3Oy "YBCO#. By
varying the oxygen concentration, the material can be doped
from optimal doping far into the overdoped region of the

phase diagram. In this region, the metallic state is well char-
acterized in terms of a single coherent Fermi surface and
there are no indications of competing phases, such as en-
countered in La2−xSrxCuO4 "LSCO#, for example. Moreover,
Tl-2201 can be prepared with reasonably low levels of dis-
order because the dopant atoms are interstitial oxygen resid-
ing well away from the CuO2 planes, instead of the more
obtrusive cation doping located close to the CuO2 planes "as
in LSCO, for example#.

In this paper, we present low-temperature thermal conduc-
tivity measurements of Tl-2201 as a function of doping,
spanning the overdoped region of the phase diagram. Ex-
panding upon previous work on cuprates,1,2,6–8 we analyze
our results using the mean-field SCTMA theory to provide a
determination of the superconducting gap from thermal con-
ductivity. We find agreement between thermal conductivity
and spectroscopic measurements of the gap, confirming both
the d-wave form of the superconducting gap and the validity
of the mean-field description of low-temperature thermal
conductivity in overdoped Tl2201. We track the gap as a
function of doping throughout the overdoped region and find
a gap-to-Tc ratio '("0 /kBTc that increases with decreasing
doping, starting with a value close to the weak-coupling BCS
value "'=2.14# at high doping and reaching a value twice as
large near optimal doping "'=5–6#. This shows that the
suppression of the onset of coherent superconductivity "or
Tc#, so characteristic of the underdoped regime, actually be-
gins above optimal doping.

Five flux-grown single crystals of Tl2Ba2CuO6+! are used
in this study.9,10 The platelet samples have approximate
length and width of )0.5 mm in the ab plane and thickness
(20–65 'm along the c axis. The heat current is applied in
the ab plane and the magnetic field along the c axis. The
concentration of holes in the CuO2 plane, p, is set by tuning
the excess oxygen content in the TlO2 layer. Concentrations
between optimal doping and heavily overdoped were
achieved by annealing the samples in atmospheres ranging
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from vacuum !"5!10−7 torr# at 500 °C near optimal dop-
ing to 50–60 mbar oxygen at 400–480 °C for heavily over-
doped samples. The value of p for each sample was esti-
mated from the measured Tc !defined as the temperature at
which the electrical resistivity has fallen to zero#, using the
well-known empirical formula11

Tc

Tc
max = 1 − 82.6!p − 0.16#2, !1#

where Tc
max=90 K is taken as the nominal Tc of optimally

doped Tl-2201. The values of Tc and p for each sample are
listed in Table I.

Thermal conductivity " was measured down to 50 mK in
a dilution refrigerator using a standard four-wire steady-state
technique described elsewhere.8 Electrical contacts to the
samples were made using evaporated gold pads, which were
annealed to improve the contact conductance in the same
anneal used to set the oxygen content. Silver wires were then
attached to the contact pads using silver paint.

The largest error in the magnitude of ", ranging from 15%
to 25% !see Table I#, comes from the measurement of sample
dimensions for the appropriate geometric factor. In order to
eliminate this dominant source of uncertainty when compar-
ing two different hole concentrations, one of the samples was
measured twice with the same contacts, at two different dop-
ings, Tc=84 K and 26 K !see data in Fig. 1#. This was
achieved by first evaporating gold pads onto the sample and
annealing the sample to set the doping, as described above.
After measuring the sample, the wires and silver paint were
removed and the sample was reannealed to a different doping
and subsequently remeasured with the gold pads still in
place.

The thermal conductivity measured below 1 K is shown
in Fig. 1 for this sample and in Fig. 2 for four other samples,
each at a different doping. To extract the electronic contribu-
tion to " the data are fit to

"

T
=

"0

T
+ AT , !2#

where "0 /T !intercept# is the electronic contribution to the
total thermal conductivity and the second term !slope# is the

phonon contribution, "ph /T=AT. The values of "0 /T from
fits to Eq. !2# are listed in Table I, along with the error bars
for each sample, estimated from the statistical error in the fits
!#1.5% # and the error in the geometric factor !15% –25% #.
These results can be compared to a previous study on a
strongly overdoped Tl-2201 crystal,7 with Tc=15 K, which
gave "0 /T=1.4 mW K−2 cm−1 and an excellent fit to Eq. !2#.

Note that in these overdoped samples "ph$T2 !over a de-
cade in temperature#. This is in contrast to previous reports
of the low-temperature thermal conductivity of cuprates,
measured typically at or below optimal doping, where "ph

TABLE I. Residual linear term "0 /T in the thermal conductivity
of Tl-2201 from fits of " /T vs T to Eq. !2# for five single crystals
with hole concentration p estimated from measured Tc. The gap
maximum %0 is evaluated from "0 /T using Eq. !5#. The error ap-
plies to "0 /T, %0, and %0 /kBTc.

Tc
!K# p

"0 /T
!mW K−2 cm−1#

%0
!meV# %0 /kBTc

Error
!%#

84a 0.188 0.08 40 5.6 17
76 0.203 0.15 22 3.4 16
72 0.209 0.14 23 3.8 15
68 0.214 0.12 28 4.8 25
27 0.252 0.34 9.5 4.1 24
26a 0.253 0.48 6.7 3.0 17

aDenotes the same sample measured at two dopings.
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FIG. 1. !Color online# Thermal conductivity of one Tl-2201
sample, measured at two different hole concentrations, as indicated
by the respective Tc values, plotted as " /T vs T below 1 K. The
lines are fits to Eq. !2#. A threefold decrease in Tc corresponds to a
sixfold increase in the residual linear term $which is inversely pro-
portional to the superconducting gap, via Eq. !5#%, hence a twofold
decrease in the gap-to-Tc ratio with doping.
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FIG. 2. !Color online# Thermal conductivity of four Tl-2201
samples, each with a different hole concentration, as indicated by
their respective Tc values, plotted as " /T vs T below 1 K. The lines
are fits to Eq. !2#.
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from vacuum !"5!10−7 torr# at 500 °C near optimal dop-
ing to 50–60 mbar oxygen at 400–480 °C for heavily over-
doped samples. The value of p for each sample was esti-
mated from the measured Tc !defined as the temperature at
which the electrical resistivity has fallen to zero#, using the
well-known empirical formula11

Tc

Tc
max = 1 − 82.6!p − 0.16#2, !1#

where Tc
max=90 K is taken as the nominal Tc of optimally

doped Tl-2201. The values of Tc and p for each sample are
listed in Table I.

Thermal conductivity " was measured down to 50 mK in
a dilution refrigerator using a standard four-wire steady-state
technique described elsewhere.8 Electrical contacts to the
samples were made using evaporated gold pads, which were
annealed to improve the contact conductance in the same
anneal used to set the oxygen content. Silver wires were then
attached to the contact pads using silver paint.

The largest error in the magnitude of ", ranging from 15%
to 25% !see Table I#, comes from the measurement of sample
dimensions for the appropriate geometric factor. In order to
eliminate this dominant source of uncertainty when compar-
ing two different hole concentrations, one of the samples was
measured twice with the same contacts, at two different dop-
ings, Tc=84 K and 26 K !see data in Fig. 1#. This was
achieved by first evaporating gold pads onto the sample and
annealing the sample to set the doping, as described above.
After measuring the sample, the wires and silver paint were
removed and the sample was reannealed to a different doping
and subsequently remeasured with the gold pads still in
place.

The thermal conductivity measured below 1 K is shown
in Fig. 1 for this sample and in Fig. 2 for four other samples,
each at a different doping. To extract the electronic contribu-
tion to " the data are fit to

"

T
=

"0

T
+ AT , !2#

where "0 /T !intercept# is the electronic contribution to the
total thermal conductivity and the second term !slope# is the

phonon contribution, "ph /T=AT. The values of "0 /T from
fits to Eq. !2# are listed in Table I, along with the error bars
for each sample, estimated from the statistical error in the fits
!#1.5% # and the error in the geometric factor !15% –25% #.
These results can be compared to a previous study on a
strongly overdoped Tl-2201 crystal,7 with Tc=15 K, which
gave "0 /T=1.4 mW K−2 cm−1 and an excellent fit to Eq. !2#.

Note that in these overdoped samples "ph$T2 !over a de-
cade in temperature#. This is in contrast to previous reports
of the low-temperature thermal conductivity of cuprates,
measured typically at or below optimal doping, where "ph

TABLE I. Residual linear term "0 /T in the thermal conductivity
of Tl-2201 from fits of " /T vs T to Eq. !2# for five single crystals
with hole concentration p estimated from measured Tc. The gap
maximum %0 is evaluated from "0 /T using Eq. !5#. The error ap-
plies to "0 /T, %0, and %0 /kBTc.

Tc
!K# p

"0 /T
!mW K−2 cm−1#

%0
!meV# %0 /kBTc

Error
!%#

84a 0.188 0.08 40 5.6 17
76 0.203 0.15 22 3.4 16
72 0.209 0.14 23 3.8 15
68 0.214 0.12 28 4.8 25
27 0.252 0.34 9.5 4.1 24
26a 0.253 0.48 6.7 3.0 17

aDenotes the same sample measured at two dopings.
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!T2.5–3, consistent with phonons being scattered from the
boundaries of the sample.1,2,6,8,12,13 In overdoped Tl-2201,
with its higher carrier concentration, we attribute the T2 de-
pendence of "ph to dominant electron-phonon scattering,
known to yield "ph!T2 at low T in a metal.14 Smith has
shown that this is indeed the theoretically expected depen-
dence of phonon transport in a d-wave superconductor15 in
the range 0.1–1.0 K. We emphasize that the main results of
this paper, which stem from the doping dependence of "0 /T,
are unaffected by alternative methods to fit "ph, such as a
power law with adjustable power !" /T=a+bT#".

The T-linear electronic contribution to " is due to trans-
port from d-wave nodal quasiparticles in the limit of
kBT!#!$0, where # is the impurity bandwidth.1,4,5 In this
limit, the residual linear term in the thermal conductivity is
universal, in the sense that it is independent of scattering rate
and given by5

"0

T
=

kB
2

3%

n

c
# vF

v$

+
v$

vF
$ , !3"

where n is the number of CuO2 planes per unit cell !=2 for
Tl-2201" and c is the c-axis lattice constant !=23.2 Å for
Tl-2201". The ratio vF /v$ is the ratio of quasiparticle veloci-
ties normal and tangential to the Fermi surface at the node,
respectively given by the Fermi velocity in the !0,0"-!& ,&"
direction, vF, and

v$ =
1

%kF
%d$

d'
%

node
, !4"

proportional to the slope of the gap at the node. Note that,
unique among transport properties, "0 /T was shown to be
robust against both Fermi liquid and vertex corrections.5

The above formalism, however, is only valid in the limit
kBT!#!$0. Before proceeding, it is important to deter-
mine whether this criterion is indeed satisfied for our
samples, particularly since $0 decreases with increasing dop-
ing and eventually goes to zero at the superconductor-metal
phase transition.16 In the Appendix, we provide two indepen-
dent and consistent estimates of # for each sample which
show that in all cases # /kBT(10 !for T)1 K" and # /$0
)0.16, validating the use of Eq. !3" for our Tl-2201 samples.

The significance of Eq. !3" is that it provides a reliable
way to measure the gap from a rather straightforward mea-
surement of the thermal conductivity. Indeed, through Eqs.
!3" and !4", the slope of the gap at the node, *$ /*'&node, is
immediately obtained from "0 /T, provided vF and kF are
known.6,8 Making the assumption that $ has the standard
dx2−y2 form $!'"=$0cos!2'", Eq. !3" can be rewritten !for
vF"v$" as

"0

T
'

kB
2

6
n

c
kF

vF

$0
. !5"

"0 /T can thus be related in a straightforward fashion to the
gap maximum $0 by making use of the fact that vF and kF at
the nodes are approximately doping independent. ARPES
measurements17 have shown vF to be independent of both
doping and material and to have a value vF=2.7
+107±20% cm/s. Measurements of the Fermi surface by

ARPES in LSCO,18 Bi-2212,19 and Tl-220122 show kF to
have a value (0.7 Å−1 along the nodal direction
!0,0"-!& ,&", essentially independent of material or doping
)kF only has significant doping dependence along
!0,0"-!0,&"*. In overdoped Tl-2201, this value of kF was
nicely confirmed by bulk-sensitive angular magnetoresis-
tance oscillation !AMRO" measurements.20 The values of $0
obtained for our five Tl-2201 samples from Eq. !5" are listed
in Table I and plotted vs p in the top panel of Fig. 3. Also
shown is the value of $0 for an ultrapure overdoped YBCO
crystal,8,21 obtained in the same way !with "0 /T
=0.16 mW K−2 cm−1"—it is in excellent quantitative agree-
ment with the Tl-2201 data.

$0 decreases with increasing doping and follows the dop-
ing dependence of the gap measured by spectroscopic probes
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FIG. 3. !Color online" Upper panel: the gap maximum $0 vs
hole concentration p derived from thermal conductivity measure-
ments on Tl-2201 !circles" and YBCO !square, Refs. 8 and 21". The
solid !red" circles denote the same Tl-2201 sample measured at two
different doping levels, as discussed in the text. Spectroscopic mea-
surements of the gap from ARPES on Tl-2201 !red down-triangle,
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tunneling on Bi-2212 !black up-triangles, Ref. 24" are also shown.
The dashed line gives the BCS doping dependence of the gap based
on the measured Tc—namely, $0=,kBTc—using a strong-coupling
value of ,=3 and Tc!p" from Eq. !1". Lower panel: the gap-to-Tc
ratio $0 /kBTc vs p for Tl-2201 from thermal conductivity data. The
solid !red" line is a fit through the two data points !solid red circles"
obtained on a single sample, for which the relative uncertainty is
minimal !(3% ", given the fixed geometric factor. The dashed !red"
lines on either side reflect the uncertainty on the absolute value
!±17%; see Table I". The horizontal !black" dashed line is the
weak-coupling d-wave BCS prediction: namely, $0 /kBTc - 2.14
!Ref. 25".
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!T2.5–3, consistent with phonons being scattered from the
boundaries of the sample.1,2,6,8,12,13 In overdoped Tl-2201,
with its higher carrier concentration, we attribute the T2 de-
pendence of "ph to dominant electron-phonon scattering,
known to yield "ph!T2 at low T in a metal.14 Smith has
shown that this is indeed the theoretically expected depen-
dence of phonon transport in a d-wave superconductor15 in
the range 0.1–1.0 K. We emphasize that the main results of
this paper, which stem from the doping dependence of "0 /T,
are unaffected by alternative methods to fit "ph, such as a
power law with adjustable power !" /T=a+bT#".

The T-linear electronic contribution to " is due to trans-
port from d-wave nodal quasiparticles in the limit of
kBT!#!$0, where # is the impurity bandwidth.1,4,5 In this
limit, the residual linear term in the thermal conductivity is
universal, in the sense that it is independent of scattering rate
and given by5
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where n is the number of CuO2 planes per unit cell !=2 for
Tl-2201" and c is the c-axis lattice constant !=23.2 Å for
Tl-2201". The ratio vF /v$ is the ratio of quasiparticle veloci-
ties normal and tangential to the Fermi surface at the node,
respectively given by the Fermi velocity in the !0,0"-!& ,&"
direction, vF, and

v$ =
1

%kF
%d$
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node
, !4"

proportional to the slope of the gap at the node. Note that,
unique among transport properties, "0 /T was shown to be
robust against both Fermi liquid and vertex corrections.5

The above formalism, however, is only valid in the limit
kBT!#!$0. Before proceeding, it is important to deter-
mine whether this criterion is indeed satisfied for our
samples, particularly since $0 decreases with increasing dop-
ing and eventually goes to zero at the superconductor-metal
phase transition.16 In the Appendix, we provide two indepen-
dent and consistent estimates of # for each sample which
show that in all cases # /kBT(10 !for T)1 K" and # /$0
)0.16, validating the use of Eq. !3" for our Tl-2201 samples.

The significance of Eq. !3" is that it provides a reliable
way to measure the gap from a rather straightforward mea-
surement of the thermal conductivity. Indeed, through Eqs.
!3" and !4", the slope of the gap at the node, *$ /*'&node, is
immediately obtained from "0 /T, provided vF and kF are
known.6,8 Making the assumption that $ has the standard
dx2−y2 form $!'"=$0cos!2'", Eq. !3" can be rewritten !for
vF"v$" as
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"0 /T can thus be related in a straightforward fashion to the
gap maximum $0 by making use of the fact that vF and kF at
the nodes are approximately doping independent. ARPES
measurements17 have shown vF to be independent of both
doping and material and to have a value vF=2.7
+107±20% cm/s. Measurements of the Fermi surface by

ARPES in LSCO,18 Bi-2212,19 and Tl-220122 show kF to
have a value (0.7 Å−1 along the nodal direction
!0,0"-!& ,&", essentially independent of material or doping
)kF only has significant doping dependence along
!0,0"-!0,&"*. In overdoped Tl-2201, this value of kF was
nicely confirmed by bulk-sensitive angular magnetoresis-
tance oscillation !AMRO" measurements.20 The values of $0
obtained for our five Tl-2201 samples from Eq. !5" are listed
in Table I and plotted vs p in the top panel of Fig. 3. Also
shown is the value of $0 for an ultrapure overdoped YBCO
crystal,8,21 obtained in the same way !with "0 /T
=0.16 mW K−2 cm−1"—it is in excellent quantitative agree-
ment with the Tl-2201 data.

$0 decreases with increasing doping and follows the dop-
ing dependence of the gap measured by spectroscopic probes
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!T2.5–3, consistent with phonons being scattered from the
boundaries of the sample.1,2,6,8,12,13 In overdoped Tl-2201,
with its higher carrier concentration, we attribute the T2 de-
pendence of "ph to dominant electron-phonon scattering,
known to yield "ph!T2 at low T in a metal.14 Smith has
shown that this is indeed the theoretically expected depen-
dence of phonon transport in a d-wave superconductor15 in
the range 0.1–1.0 K. We emphasize that the main results of
this paper, which stem from the doping dependence of "0 /T,
are unaffected by alternative methods to fit "ph, such as a
power law with adjustable power !" /T=a+bT#".

The T-linear electronic contribution to " is due to trans-
port from d-wave nodal quasiparticles in the limit of
kBT!#!$0, where # is the impurity bandwidth.1,4,5 In this
limit, the residual linear term in the thermal conductivity is
universal, in the sense that it is independent of scattering rate
and given by5
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where n is the number of CuO2 planes per unit cell !=2 for
Tl-2201" and c is the c-axis lattice constant !=23.2 Å for
Tl-2201". The ratio vF /v$ is the ratio of quasiparticle veloci-
ties normal and tangential to the Fermi surface at the node,
respectively given by the Fermi velocity in the !0,0"-!& ,&"
direction, vF, and
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%d$

d'
%

node
, !4"

proportional to the slope of the gap at the node. Note that,
unique among transport properties, "0 /T was shown to be
robust against both Fermi liquid and vertex corrections.5

The above formalism, however, is only valid in the limit
kBT!#!$0. Before proceeding, it is important to deter-
mine whether this criterion is indeed satisfied for our
samples, particularly since $0 decreases with increasing dop-
ing and eventually goes to zero at the superconductor-metal
phase transition.16 In the Appendix, we provide two indepen-
dent and consistent estimates of # for each sample which
show that in all cases # /kBT(10 !for T)1 K" and # /$0
)0.16, validating the use of Eq. !3" for our Tl-2201 samples.

The significance of Eq. !3" is that it provides a reliable
way to measure the gap from a rather straightforward mea-
surement of the thermal conductivity. Indeed, through Eqs.
!3" and !4", the slope of the gap at the node, *$ /*'&node, is
immediately obtained from "0 /T, provided vF and kF are
known.6,8 Making the assumption that $ has the standard
dx2−y2 form $!'"=$0cos!2'", Eq. !3" can be rewritten !for
vF"v$" as
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"0 /T can thus be related in a straightforward fashion to the
gap maximum $0 by making use of the fact that vF and kF at
the nodes are approximately doping independent. ARPES
measurements17 have shown vF to be independent of both
doping and material and to have a value vF=2.7
+107±20% cm/s. Measurements of the Fermi surface by

ARPES in LSCO,18 Bi-2212,19 and Tl-220122 show kF to
have a value (0.7 Å−1 along the nodal direction
!0,0"-!& ,&", essentially independent of material or doping
)kF only has significant doping dependence along
!0,0"-!0,&"*. In overdoped Tl-2201, this value of kF was
nicely confirmed by bulk-sensitive angular magnetoresis-
tance oscillation !AMRO" measurements.20 The values of $0
obtained for our five Tl-2201 samples from Eq. !5" are listed
in Table I and plotted vs p in the top panel of Fig. 3. Also
shown is the value of $0 for an ultrapure overdoped YBCO
crystal,8,21 obtained in the same way !with "0 /T
=0.16 mW K−2 cm−1"—it is in excellent quantitative agree-
ment with the Tl-2201 data.

$0 decreases with increasing doping and follows the dop-
ing dependence of the gap measured by spectroscopic probes
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from vacuum !"5!10−7 torr# at 500 °C near optimal dop-
ing to 50–60 mbar oxygen at 400–480 °C for heavily over-
doped samples. The value of p for each sample was esti-
mated from the measured Tc !defined as the temperature at
which the electrical resistivity has fallen to zero#, using the
well-known empirical formula11

Tc

Tc
max = 1 − 82.6!p − 0.16#2, !1#

where Tc
max=90 K is taken as the nominal Tc of optimally

doped Tl-2201. The values of Tc and p for each sample are
listed in Table I.

Thermal conductivity " was measured down to 50 mK in
a dilution refrigerator using a standard four-wire steady-state
technique described elsewhere.8 Electrical contacts to the
samples were made using evaporated gold pads, which were
annealed to improve the contact conductance in the same
anneal used to set the oxygen content. Silver wires were then
attached to the contact pads using silver paint.

The largest error in the magnitude of ", ranging from 15%
to 25% !see Table I#, comes from the measurement of sample
dimensions for the appropriate geometric factor. In order to
eliminate this dominant source of uncertainty when compar-
ing two different hole concentrations, one of the samples was
measured twice with the same contacts, at two different dop-
ings, Tc=84 K and 26 K !see data in Fig. 1#. This was
achieved by first evaporating gold pads onto the sample and
annealing the sample to set the doping, as described above.
After measuring the sample, the wires and silver paint were
removed and the sample was reannealed to a different doping
and subsequently remeasured with the gold pads still in
place.

The thermal conductivity measured below 1 K is shown
in Fig. 1 for this sample and in Fig. 2 for four other samples,
each at a different doping. To extract the electronic contribu-
tion to " the data are fit to

"

T
=

"0

T
+ AT , !2#

where "0 /T !intercept# is the electronic contribution to the
total thermal conductivity and the second term !slope# is the

phonon contribution, "ph /T=AT. The values of "0 /T from
fits to Eq. !2# are listed in Table I, along with the error bars
for each sample, estimated from the statistical error in the fits
!#1.5% # and the error in the geometric factor !15% –25% #.
These results can be compared to a previous study on a
strongly overdoped Tl-2201 crystal,7 with Tc=15 K, which
gave "0 /T=1.4 mW K−2 cm−1 and an excellent fit to Eq. !2#.

Note that in these overdoped samples "ph$T2 !over a de-
cade in temperature#. This is in contrast to previous reports
of the low-temperature thermal conductivity of cuprates,
measured typically at or below optimal doping, where "ph

TABLE I. Residual linear term "0 /T in the thermal conductivity
of Tl-2201 from fits of " /T vs T to Eq. !2# for five single crystals
with hole concentration p estimated from measured Tc. The gap
maximum %0 is evaluated from "0 /T using Eq. !5#. The error ap-
plies to "0 /T, %0, and %0 /kBTc.

Tc
!K# p

"0 /T
!mW K−2 cm−1#

%0
!meV# %0 /kBTc

Error
!%#

84a 0.188 0.08 40 5.6 17
76 0.203 0.15 22 3.4 16
72 0.209 0.14 23 3.8 15
68 0.214 0.12 28 4.8 25
27 0.252 0.34 9.5 4.1 24
26a 0.253 0.48 6.7 3.0 17

aDenotes the same sample measured at two dopings.
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FIG. 1. !Color online# Thermal conductivity of one Tl-2201
sample, measured at two different hole concentrations, as indicated
by the respective Tc values, plotted as " /T vs T below 1 K. The
lines are fits to Eq. !2#. A threefold decrease in Tc corresponds to a
sixfold increase in the residual linear term $which is inversely pro-
portional to the superconducting gap, via Eq. !5#%, hence a twofold
decrease in the gap-to-Tc ratio with doping.
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the largest ! for a given value of "N!.38 These estimates are
listed in Table II, based on the #0 values of Table I. One can
see that ! /kBT$13 for T%1 K and ! /#0"0.1 in all cases,
more precisely ranging from 0.07 to 0.16. When ! is not
negligible, there is a known correction to Eq. #3! $and Eq.
#5!%, which for ! /#0"0.1 is about 20% #Ref. 39!; i.e., the
clean-limit gap value is 20% larger than estimated using Eq.
#5!. An error of this magnitude has little impact on the con-
clusions of this article.

From the magnetic field dependence of !0 /T

As a crosscheck, we can also make use of the magnetic
field dependence of the thermal conductivity in the T→0
limit to estimate ! in our samples. Unlike the zero-field ther-
mal conductivity, which is independent of !, the field depen-
dence of the thermal conductivity is dependent upon the qua-
siparticle scattering rate.40,41 In a d-wave superconductor
&0 /T increases with an applied magnetic field due to the
Volovik effect42 and in optimally doped cuprates13,41,43 the
thermal conductivity is well described by semiclassical cal-
culations of the field dependence of &0 /T based on the Vo-
lovik effect.40,44

An analytic model of &0#H! /T for H"Hc2 and J!H by
Kübert and Hirschfeld40 gives

&#H!/T
&0/T

=
'2

'&1 + '2 − sinh−1'
, #A1!

where &0 /T is the universal value in zero field $Eq. #3!% and
#for !$EH!

' = &6/(!/EH. #A2!

Here EH=a)&2/(vF&H /*0 is the average energy shift
experienced by a quasiparticle due to the Volovik effect, a is
a constant dependent upon the geometry of the vortex lattice
#=1/2 for a square lattice45!, and *0 is the quantum of flux.
Note that aside from !, Eq. #A1! is only dependent upon
known constants. As such, we can estimate ! from a single-
parameter fit to the field dependence of &0 /T at H"Hc2.

In Fig. 4, we show & /T vs T for the Tl-2201 sample with
Tc=76 K in H=0 T and 11.5 T. We see that &0 /T is en-
hanced by a factor of 3 or so. Similar field-induced enhance-
ments of &0 /T are observed in all samples by a factor which
varies from 2 to 4.46 In the inset, we show &0#H! /T $normal-
ized to &0#0! /T% vs H in a separate Tl-2201 sample #Tc
=89 K!.47 Equation #A1! provides a reasonable fit #solid
line! to the data, giving '&H=3.36 T1/2, which results in !
=3.8 meV, so that ! /#0"0.1.This is similar in magnitude to
our above estimate from normal-state transport, providing a
nontrivial validation for both methods of estimating !.

We conclude that within possible corrections on the order
of 20% or so, it is legitimate to use Eqs. #3! and #5! to extract
an estimate of #0 from a measurement of &0 /T in the Tl-
2201 samples considered here.
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TABLE II. Estimates of the impurity bandwidth ! from the
normal-state scattering rate "N=0.52 meV in the unitary limit.

Tc #K! p ! #meV! #0 #meV! ! /#0

84 0.188 2.6 40 0.065
76 0.203 2.0 22 0.088
72 0.209 2.0 23 0.085
68 0.214 2.2 28 0.078
27 0.252 1.3 9.5 0.134
26 0.253 1.1 6.7 0.16
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FIG. 4. #Color online! Thermal conductivity in an applied field
#H 'c! for the Tl-2201 sample with Tc=76 K plotted as & /T vs T.
&0 /T increases by a factor of (3 in an applied field of 11.5 T. The
lines are fits to Eq. #2!. Inset: the in-field electronic thermal con-
ductivity &0#H! /T normalized to the zero-field value &0#0! /T as a
function of magnetic field in a Tl-2201 sample with Tc=89 K #not
used in the main study!. The solid line is a fit to the semiclassical
model $Eq. #A1!%, which yields ! /#0"0.1 #see text!.
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phase is associated with the onset of Fermi-surface reconstruction
and charge-density-wave order, generic properties of hole-doped
cuprates.

Results
Thermal conductivity. To detect Hc2, we use the fact that
electrons are scattered by vortices, and monitor their mobility as
they enter the superconducting state by measuring the thermal
conductivity k of a sample as a function of magnetic field H. In
Fig. 1, we report our data on YBCO and Y124, as k vs H up to
45 T, at two temperatures well below Tc (see Methods and
Supplementary Note 1). All curves exhibit the same rapid drop
below a certain critical field. This is precisely the behaviour
expected of a clean type-II superconductor (l044x0), whereby the
long electronic mean free path l0 in the normal state is suddenly
curtailed when vortices appear in the sample and scatter the
electrons (see Supplementary Note 2). This effect is observed in
any clean type-II superconductor, as illustrated in Fig. 1e and
Supplementary Fig. 2. Theoretical calculations8 reproduce well
the rapid drop of k at Hc2 (Fig. 1e).

To confirm our interpretation that the drop in k is due to
vortex scattering, we measured a single crystal of Tl-2201 for
which l0Bx0, corresponding to a type-II superconductor in the
dirty limit. As seen in Fig. 2a, the suppression of k upon entering
the vortex state is much more gradual than in the ultraclean
YBCO. The contrast between Tl-2201 and YBCO mimics the
behaviour of the type-II superconductor KFe2As2 as the sample
goes from clean (l0B10 x0) (ref. 9) to dirty (l0Bx0) (ref. 10) (see

Fig. 2b). We conclude that the onset of the sharp drop in k with
decreasing H in YBCO is a direct measurement of the critical field
Hc2, where vortex scattering begins.

Upper critical field Hc2. The direct observation of Hc2 in a
cuprate material is our first main finding. We obtain
Hc2¼ 22±2 T at T¼ 1.8 K in YBCO (at p¼ 0.11) and
Hc2¼ 44±2 T at T¼ 1.6 K in Y124 (at p¼ 0.14) (Fig. 1a), giving
x0¼ 3.9 nm and 2.7 nm, respectively. In Y124, the transport mean
free path l0 was estimated to be roughly 50 nm (ref. 11), so that
the clean-limit condition l044x0 is indeed satisfied. Note that the
specific heat is not sensitive to vortex scattering and so will have a
much less pronounced anomaly at Hc2. This is consistent with the
high-field specific heat of YBCO at p¼ 0.1 (ref. 5).

We can verify that our measurement of Hc2 in YBCO is
consistent with existing thermodynamic and spectroscopic data
by computing the condensation energy dE¼Hc

2/2m0, where
Hc

2¼Hc1 Hc2/(ln kGLþ 0.5), with Hc1 the lower critical field
and kGL the Ginzburg-Landau parameter (ratio of penetration
depth to coherence length). Magnetization data12 on YBCO give
Hc1¼ 24±2 mT at Tc¼ 56 K. Using kGL¼ 50 (ref. 12), our value
of Hc2¼ 22 T (at Tc¼ 61 K) yields dE/Tc

2¼ 13±3 J K# 2 m# 3.
For a d-wave superconductor, dE¼NF D0

2/4, where D0¼ a kB Tc
is the gap maximum and NF is the density of states at the Fermi
energy, related to the electronic specific heat coefficient
gN¼ (2p2/3) NF kB

2, so that dE/Tc
2¼ (3a2/8p2) gN. Specific heat

data5 on YBCO at Tc¼ 59 K give gN¼ 4.5±0.5 mJ K# 2 mol# 1

(43±5 J /K# 2 m# 3) above Hc2. We therefore obtain a¼ 2.8±0.5,
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Figure 2 | Thermal conductivity and H-T diagram of Tl-2201. (a) Magnetic field dependence of the thermal conductivity k in Tl-2201, measured at
T¼6 K on an overdoped sample with Tc¼ 33 K (blue). The data are plotted as k vs H/Hc2, with Hc2¼ 19 T, and compared with data on YBCO at
T¼8 K (red; from Fig. 1b), with Hc2¼ 23 T. (b) Corresponding data for KFe2As2, taken on clean9 (red) and dirty10 (blue) samples. (c) Isotherms of
k(H) in Tl-2201, at temperatures as indicated, where k is normalized to unity at Hc2 (arrows). Hc2 is defined as the field below which k starts to fall
with decreasing field. (d) Temperature dependence of Hc2 (red squares) and Hvs (blue circles) in Tl-2201. Error bars on the Hc2 data represent the
uncertainty in locating the onset of the drop in k vs H relative to the constant normal-state behaviour. All lines are a guide to the eye.
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phase is associated with the onset of Fermi-surface reconstruction
and charge-density-wave order, generic properties of hole-doped
cuprates.

Results
Thermal conductivity. To detect Hc2, we use the fact that
electrons are scattered by vortices, and monitor their mobility as
they enter the superconducting state by measuring the thermal
conductivity k of a sample as a function of magnetic field H. In
Fig. 1, we report our data on YBCO and Y124, as k vs H up to
45 T, at two temperatures well below Tc (see Methods and
Supplementary Note 1). All curves exhibit the same rapid drop
below a certain critical field. This is precisely the behaviour
expected of a clean type-II superconductor (l044x0), whereby the
long electronic mean free path l0 in the normal state is suddenly
curtailed when vortices appear in the sample and scatter the
electrons (see Supplementary Note 2). This effect is observed in
any clean type-II superconductor, as illustrated in Fig. 1e and
Supplementary Fig. 2. Theoretical calculations8 reproduce well
the rapid drop of k at Hc2 (Fig. 1e).

To confirm our interpretation that the drop in k is due to
vortex scattering, we measured a single crystal of Tl-2201 for
which l0Bx0, corresponding to a type-II superconductor in the
dirty limit. As seen in Fig. 2a, the suppression of k upon entering
the vortex state is much more gradual than in the ultraclean
YBCO. The contrast between Tl-2201 and YBCO mimics the
behaviour of the type-II superconductor KFe2As2 as the sample
goes from clean (l0B10 x0) (ref. 9) to dirty (l0Bx0) (ref. 10) (see

Fig. 2b). We conclude that the onset of the sharp drop in k with
decreasing H in YBCO is a direct measurement of the critical field
Hc2, where vortex scattering begins.

Upper critical field Hc2. The direct observation of Hc2 in a
cuprate material is our first main finding. We obtain
Hc2¼ 22±2 T at T¼ 1.8 K in YBCO (at p¼ 0.11) and
Hc2¼ 44±2 T at T¼ 1.6 K in Y124 (at p¼ 0.14) (Fig. 1a), giving
x0¼ 3.9 nm and 2.7 nm, respectively. In Y124, the transport mean
free path l0 was estimated to be roughly 50 nm (ref. 11), so that
the clean-limit condition l044x0 is indeed satisfied. Note that the
specific heat is not sensitive to vortex scattering and so will have a
much less pronounced anomaly at Hc2. This is consistent with the
high-field specific heat of YBCO at p¼ 0.1 (ref. 5).

We can verify that our measurement of Hc2 in YBCO is
consistent with existing thermodynamic and spectroscopic data
by computing the condensation energy dE¼Hc

2/2m0, where
Hc

2¼Hc1 Hc2/(ln kGLþ 0.5), with Hc1 the lower critical field
and kGL the Ginzburg-Landau parameter (ratio of penetration
depth to coherence length). Magnetization data12 on YBCO give
Hc1¼ 24±2 mT at Tc¼ 56 K. Using kGL¼ 50 (ref. 12), our value
of Hc2¼ 22 T (at Tc¼ 61 K) yields dE/Tc

2¼ 13±3 J K# 2 m# 3.
For a d-wave superconductor, dE¼NF D0

2/4, where D0¼ a kB Tc
is the gap maximum and NF is the density of states at the Fermi
energy, related to the electronic specific heat coefficient
gN¼ (2p2/3) NF kB

2, so that dE/Tc
2¼ (3a2/8p2) gN. Specific heat

data5 on YBCO at Tc¼ 59 K give gN¼ 4.5±0.5 mJ K# 2 mol# 1

(43±5 J /K# 2 m# 3) above Hc2. We therefore obtain a¼ 2.8±0.5,
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Figure 2 | Thermal conductivity and H-T diagram of Tl-2201. (a) Magnetic field dependence of the thermal conductivity k in Tl-2201, measured at
T¼6 K on an overdoped sample with Tc¼ 33 K (blue). The data are plotted as k vs H/Hc2, with Hc2¼ 19 T, and compared with data on YBCO at
T¼8 K (red; from Fig. 1b), with Hc2¼ 23 T. (b) Corresponding data for KFe2As2, taken on clean9 (red) and dirty10 (blue) samples. (c) Isotherms of
k(H) in Tl-2201, at temperatures as indicated, where k is normalized to unity at Hc2 (arrows). Hc2 is defined as the field below which k starts to fall
with decreasing field. (d) Temperature dependence of Hc2 (red squares) and Hvs (blue circles) in Tl-2201. Error bars on the Hc2 data represent the
uncertainty in locating the onset of the drop in k vs H relative to the constant normal-state behaviour. All lines are a guide to the eye.
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Direct measurement of the upper critical field
in cuprate superconductors
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In the quest to increase the critical temperature Tc of cuprate superconductors, it is essential

to identify the factors that limit the strength of superconductivity. The upper critical field

Hc2 is a fundamental measure of that strength, yet there is no agreement on its magnitude

and doping dependence in cuprate superconductors. Here we show that the thermal

conductivity can be used to directly detect Hc2 in the cuprates YBa2Cu3Oy, YBa2Cu4O8 and

Tl2Ba2CuO6þ d, allowing us to map out Hc2 across the doping phase diagram. It exhibits two

peaks, each located at a critical point where the Fermi surface of YBa2Cu3Oy is known to

undergo a transformation. Below the higher critical point, the condensation energy, obtained

directly from Hc2, suffers a sudden 20-fold collapse. This reveals that phase competition—

associated with Fermi-surface reconstruction and charge-density-wave order—is a key

limiting factor in the superconductivity of cuprates.
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phase is associated with the onset of Fermi-surface reconstruction
and charge-density-wave order, generic properties of hole-doped
cuprates.

Results
Thermal conductivity. To detect Hc2, we use the fact that
electrons are scattered by vortices, and monitor their mobility as
they enter the superconducting state by measuring the thermal
conductivity k of a sample as a function of magnetic field H. In
Fig. 1, we report our data on YBCO and Y124, as k vs H up to
45 T, at two temperatures well below Tc (see Methods and
Supplementary Note 1). All curves exhibit the same rapid drop
below a certain critical field. This is precisely the behaviour
expected of a clean type-II superconductor (l044x0), whereby the
long electronic mean free path l0 in the normal state is suddenly
curtailed when vortices appear in the sample and scatter the
electrons (see Supplementary Note 2). This effect is observed in
any clean type-II superconductor, as illustrated in Fig. 1e and
Supplementary Fig. 2. Theoretical calculations8 reproduce well
the rapid drop of k at Hc2 (Fig. 1e).

To confirm our interpretation that the drop in k is due to
vortex scattering, we measured a single crystal of Tl-2201 for
which l0Bx0, corresponding to a type-II superconductor in the
dirty limit. As seen in Fig. 2a, the suppression of k upon entering
the vortex state is much more gradual than in the ultraclean
YBCO. The contrast between Tl-2201 and YBCO mimics the
behaviour of the type-II superconductor KFe2As2 as the sample
goes from clean (l0B10 x0) (ref. 9) to dirty (l0Bx0) (ref. 10) (see

Fig. 2b). We conclude that the onset of the sharp drop in k with
decreasing H in YBCO is a direct measurement of the critical field
Hc2, where vortex scattering begins.

Upper critical field Hc2. The direct observation of Hc2 in a
cuprate material is our first main finding. We obtain
Hc2¼ 22±2 T at T¼ 1.8 K in YBCO (at p¼ 0.11) and
Hc2¼ 44±2 T at T¼ 1.6 K in Y124 (at p¼ 0.14) (Fig. 1a), giving
x0¼ 3.9 nm and 2.7 nm, respectively. In Y124, the transport mean
free path l0 was estimated to be roughly 50 nm (ref. 11), so that
the clean-limit condition l044x0 is indeed satisfied. Note that the
specific heat is not sensitive to vortex scattering and so will have a
much less pronounced anomaly at Hc2. This is consistent with the
high-field specific heat of YBCO at p¼ 0.1 (ref. 5).

We can verify that our measurement of Hc2 in YBCO is
consistent with existing thermodynamic and spectroscopic data
by computing the condensation energy dE¼Hc

2/2m0, where
Hc

2¼Hc1 Hc2/(ln kGLþ 0.5), with Hc1 the lower critical field
and kGL the Ginzburg-Landau parameter (ratio of penetration
depth to coherence length). Magnetization data12 on YBCO give
Hc1¼ 24±2 mT at Tc¼ 56 K. Using kGL¼ 50 (ref. 12), our value
of Hc2¼ 22 T (at Tc¼ 61 K) yields dE/Tc

2¼ 13±3 J K# 2 m# 3.
For a d-wave superconductor, dE¼NF D0

2/4, where D0¼ a kB Tc
is the gap maximum and NF is the density of states at the Fermi
energy, related to the electronic specific heat coefficient
gN¼ (2p2/3) NF kB

2, so that dE/Tc
2¼ (3a2/8p2) gN. Specific heat

data5 on YBCO at Tc¼ 59 K give gN¼ 4.5±0.5 mJ K# 2 mol# 1

(43±5 J /K# 2 m# 3) above Hc2. We therefore obtain a¼ 2.8±0.5,
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Figure 2 | Thermal conductivity and H-T diagram of Tl-2201. (a) Magnetic field dependence of the thermal conductivity k in Tl-2201, measured at
T¼6 K on an overdoped sample with Tc¼ 33 K (blue). The data are plotted as k vs H/Hc2, with Hc2¼ 19 T, and compared with data on YBCO at
T¼8 K (red; from Fig. 1b), with Hc2¼ 23 T. (b) Corresponding data for KFe2As2, taken on clean9 (red) and dirty10 (blue) samples. (c) Isotherms of
k(H) in Tl-2201, at temperatures as indicated, where k is normalized to unity at Hc2 (arrows). Hc2 is defined as the field below which k starts to fall
with decreasing field. (d) Temperature dependence of Hc2 (red squares) and Hvs (blue circles) in Tl-2201. Error bars on the Hc2 data represent the
uncertainty in locating the onset of the drop in k vs H relative to the constant normal-state behaviour. All lines are a guide to the eye.
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phase is associated with the onset of Fermi-surface reconstruction
and charge-density-wave order, generic properties of hole-doped
cuprates.

Results
Thermal conductivity. To detect Hc2, we use the fact that
electrons are scattered by vortices, and monitor their mobility as
they enter the superconducting state by measuring the thermal
conductivity k of a sample as a function of magnetic field H. In
Fig. 1, we report our data on YBCO and Y124, as k vs H up to
45 T, at two temperatures well below Tc (see Methods and
Supplementary Note 1). All curves exhibit the same rapid drop
below a certain critical field. This is precisely the behaviour
expected of a clean type-II superconductor (l044x0), whereby the
long electronic mean free path l0 in the normal state is suddenly
curtailed when vortices appear in the sample and scatter the
electrons (see Supplementary Note 2). This effect is observed in
any clean type-II superconductor, as illustrated in Fig. 1e and
Supplementary Fig. 2. Theoretical calculations8 reproduce well
the rapid drop of k at Hc2 (Fig. 1e).

To confirm our interpretation that the drop in k is due to
vortex scattering, we measured a single crystal of Tl-2201 for
which l0Bx0, corresponding to a type-II superconductor in the
dirty limit. As seen in Fig. 2a, the suppression of k upon entering
the vortex state is much more gradual than in the ultraclean
YBCO. The contrast between Tl-2201 and YBCO mimics the
behaviour of the type-II superconductor KFe2As2 as the sample
goes from clean (l0B10 x0) (ref. 9) to dirty (l0Bx0) (ref. 10) (see

Fig. 2b). We conclude that the onset of the sharp drop in k with
decreasing H in YBCO is a direct measurement of the critical field
Hc2, where vortex scattering begins.

Upper critical field Hc2. The direct observation of Hc2 in a
cuprate material is our first main finding. We obtain
Hc2¼ 22±2 T at T¼ 1.8 K in YBCO (at p¼ 0.11) and
Hc2¼ 44±2 T at T¼ 1.6 K in Y124 (at p¼ 0.14) (Fig. 1a), giving
x0¼ 3.9 nm and 2.7 nm, respectively. In Y124, the transport mean
free path l0 was estimated to be roughly 50 nm (ref. 11), so that
the clean-limit condition l044x0 is indeed satisfied. Note that the
specific heat is not sensitive to vortex scattering and so will have a
much less pronounced anomaly at Hc2. This is consistent with the
high-field specific heat of YBCO at p¼ 0.1 (ref. 5).

We can verify that our measurement of Hc2 in YBCO is
consistent with existing thermodynamic and spectroscopic data
by computing the condensation energy dE¼Hc

2/2m0, where
Hc

2¼Hc1 Hc2/(ln kGLþ 0.5), with Hc1 the lower critical field
and kGL the Ginzburg-Landau parameter (ratio of penetration
depth to coherence length). Magnetization data12 on YBCO give
Hc1¼ 24±2 mT at Tc¼ 56 K. Using kGL¼ 50 (ref. 12), our value
of Hc2¼ 22 T (at Tc¼ 61 K) yields dE/Tc

2¼ 13±3 J K# 2 m# 3.
For a d-wave superconductor, dE¼NF D0

2/4, where D0¼ a kB Tc
is the gap maximum and NF is the density of states at the Fermi
energy, related to the electronic specific heat coefficient
gN¼ (2p2/3) NF kB

2, so that dE/Tc
2¼ (3a2/8p2) gN. Specific heat

data5 on YBCO at Tc¼ 59 K give gN¼ 4.5±0.5 mJ K# 2 mol# 1

(43±5 J /K# 2 m# 3) above Hc2. We therefore obtain a¼ 2.8±0.5,
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Figure 2 | Thermal conductivity and H-T diagram of Tl-2201. (a) Magnetic field dependence of the thermal conductivity k in Tl-2201, measured at
T¼6 K on an overdoped sample with Tc¼ 33 K (blue). The data are plotted as k vs H/Hc2, with Hc2¼ 19 T, and compared with data on YBCO at
T¼8 K (red; from Fig. 1b), with Hc2¼ 23 T. (b) Corresponding data for KFe2As2, taken on clean9 (red) and dirty10 (blue) samples. (c) Isotherms of
k(H) in Tl-2201, at temperatures as indicated, where k is normalized to unity at Hc2 (arrows). Hc2 is defined as the field below which k starts to fall
with decreasing field. (d) Temperature dependence of Hc2 (red squares) and Hvs (blue circles) in Tl-2201. Error bars on the Hc2 data represent the
uncertainty in locating the onset of the drop in k vs H relative to the constant normal-state behaviour. All lines are a guide to the eye.
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in good agreement with estimates from spectroscopic measure-
ments on a variety of hole-doped cuprates, which yield
2D0/kBTcB5 between p¼ 0.08 and p¼ 0.24 (ref. 13). This
shows that the value of Hc2 measured by thermal conductivity
provides quantitatively coherent estimates of the condensation
energy and gap magnitude in YBCO.

H—T phase diagram. The position of the rapid drop in k vs H
does not shift appreciably with temperature up to TB10 K or so
(Fig. 1b,d), showing that Hc2(T) is essentially flat at low tem-
perature. This is in sharp contrast with the resistive transition at
Hvs(T), which moves down rapidly with increasing temperature
(Fig. 1f). In Fig. 3, we plot Hc2(T) and Hvs(T) on an H-T diagram,
for both YBCO and Y124 (see Methods and Supplementary
Methods). In both cases, we see that Hc2¼Hvs in the T¼ 0 limit.
This is our second main finding: there is no vortex liquid regime
at T¼ 0 (see Supplementary Note 3). With increasing tempera-
ture the vortex-liquid phase grows rapidly, causing Hvs(T) to fall
below Hc2(T). The same behaviour is seen in Tl-2201 (Fig. 2d): at
low temperature, Hc2(T) determined from k is flat, whereas

Hvs(T) from resistivity falls abruptly, and Hc2¼Hvs at T-0 (see
also Supplementary Figs 3 and 4, and Supplementary Note 4).

H—p phase diagram. Having established that Hc2¼Hvs at T-0
in YBCO, Y124 and Tl-2201, we can determine how Hc2 varies
with doping from measurements of Hvs(T) (see Methods and
Supplementary Methods), as in Supplementary Figs 5 and 6. For
po0.15, fields lower than 60 T are sufficient to suppress Tc to
zero, and thus directly assess Hvs(T-0), yielding Hc2¼ 24±2 T
at p¼ 0.12 (Fig. 3c), for example. For p40.15, however, Tc
cannot be suppressed to zero with our maximal available field of
68 T (Fig. 3d and Supplementary Fig. 5), so an extrapolation
procedure must be used to extract Hvs(T-0). Following ref. 14,
we obtain Hvs(T-0) from a fit to the theory of vortex-lattice
melting1, as illustrated in Fig. 3 (and Supplementary Fig. 6). In
Fig. 4a, we plot the resulting Hc2 values as a function of doping,
listed in Table 1, over a wide doping range from p¼ 0.05 to
p¼ 0.26. This brings us to our third main finding: the H—p phase
diagram of superconductivity consists of two peaks, located at
p1B0.08 and p2B0.18. (A partial plot of Hvs(T-0) vs p was
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SUPERCONDUCTORS Detection of upper critical field Hc2 YBCO

reported earlier on the basis of c-axis resistivity measurements14,
in excellent agreement with our own results.) The two-peak
structure is also apparent in the usual T—p plane: the single Tc
dome at H¼ 0 transforms into two domes when a magnetic field
is applied (Fig. 4b).

Discussion
A natural explanation for two peaks in the Hc2 vs p curve is that
each peak is associated with a distinct critical point where some

phase transition occurs. An example of this is the heavy-fermion
metal CeCu2Si2, where two Tc domes in the temperature-pressure
phase diagram were revealed by adding impurities to weaken
superconductivity15: one dome straddles an underlying anti-
ferromagnetic transition and the other dome a valence
transition16. In YBCO, there is indeed strong evidence of two
transitions—one at p1 and another at a critical doping consistent
with p2 (ref. 17). In particular, the Fermi surface of YBCO is
known to undergo one transformation at p¼ 0.08 and another
near pB0.18 (ref. 18). Hints of two critical points have also been
found in Bi2Sr2CaCu2O8þ d, as changes in the superconducting
gap detected by ARPES at p1B0.08 and p2B0.19 (ref. 19).

The transformation at p2 is a reconstruction of the large hole-
like cylinder at high doping that produces a small electron
pocket18,20,21. We associate the fall of Tc and the collapse of Hc2
below p2 to that Fermi-surface reconstruction. Recent studies
indicate that charge-density wave order plays a role in the
reconstruction22–25. Indeed, the charge modulation seen with
X-rays23–25 and the Fermi-surface reconstruction seen in the Hall
coefficient18,26 emerge in parallel with decreasing temperature
(see Fig. 5). Moreover, the charge modulation amplitude drops
suddenly below Tc, showing that superconductivity and charge
order compete23–25 (Supplementary Fig. 7a). As a function of
field24, the onset of this competition defines a line in the H—T
plane (Supplementary Fig. 7b) that is consistent with our Hc2(T)
line (Fig. 3). The flip side of this phase competition is that
superconductivity must in turn be suppressed by charge order,
consistent with our interpretation of the Tc fall and Hc2 collapse
below p2.

We can quantify the impact of phase competition by
computing the condensation energy dE at p¼ p2, using
Hc1¼ 110±5 mT at Tc¼ 93 K (ref. 27) and Hc2¼ 140±20 T
(Table 1), and comparing with dE at p¼ 0.11 (see above): dE
decreases by a factor 20 and dE/Tc

2 by a factor 8 (see
Supplementary Note 5). In Fig. 4c, we plot the doping
dependence of dE/Tc

2 (in qualitative agreement with earlier
estimates based on specific heat data28—see Supplementary
Fig. 8). We attribute the tremendous weakening of super-
conductivity below p2 to a major drop in the density of states
as the large hole-like Fermi surface reconstructs into small
pockets. This process is likely to involve both the pseudogap
formation and the charge ordering.
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(a) Upper critical field Hc2 of the cuprate superconductor YBCO as a
function of hole concentration (doping) p. Hc2 is defined as Hvs(T-0)
(Table 1), the onset of the vortex-solid phase at T-0, where Hvs(T) is
obtained from high-field resistivity data (Fig. 3, and Supplementary Figs 5
and 6). The point at p¼0.14 (square) is from data on Y124 (Fig. 3b). The
points at p40.22 (diamonds) are from data on Tl-2201 (Table 1, Fig. 2 and
Supplementary Fig. 6). Error bars on the Hc2 data represent the uncertainty
in extrapolating the Hvs(T) data to T¼0. (b) Critical temperature Tc of
YBCO as a function of doping p, for three values of the magnetic field H, as
indicated (Table 1). Tc is defined as the point of zero resistance. All lines are
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by neutron scattering30 and muon spin spectroscopy31. The second peak
coincides with the approximate onset of Fermi-surface reconstruction18,21,
attributed to charge modulations detected by high-field NMR (ref. 22) and
X-ray scattering23–25. (c) Condensation energy dE (red circles), given by the
product of Hc2 and Hc1 (see Supplementary Note 5 and Supplementary
Fig. 8), plotted as dE/Tc

2 vs p. Note the eightfold drop below p2 (vertical
dashed line), attributed predominantly to a corresponding drop in the
density of states. All lines are a guide to the eye.
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reported earlier on the basis of c-axis resistivity measurements14,
in excellent agreement with our own results.) The two-peak
structure is also apparent in the usual T—p plane: the single Tc
dome at H¼ 0 transforms into two domes when a magnetic field
is applied (Fig. 4b).

Discussion
A natural explanation for two peaks in the Hc2 vs p curve is that
each peak is associated with a distinct critical point where some

phase transition occurs. An example of this is the heavy-fermion
metal CeCu2Si2, where two Tc domes in the temperature-pressure
phase diagram were revealed by adding impurities to weaken
superconductivity15: one dome straddles an underlying anti-
ferromagnetic transition and the other dome a valence
transition16. In YBCO, there is indeed strong evidence of two
transitions—one at p1 and another at a critical doping consistent
with p2 (ref. 17). In particular, the Fermi surface of YBCO is
known to undergo one transformation at p¼ 0.08 and another
near pB0.18 (ref. 18). Hints of two critical points have also been
found in Bi2Sr2CaCu2O8þ d, as changes in the superconducting
gap detected by ARPES at p1B0.08 and p2B0.19 (ref. 19).

The transformation at p2 is a reconstruction of the large hole-
like cylinder at high doping that produces a small electron
pocket18,20,21. We associate the fall of Tc and the collapse of Hc2
below p2 to that Fermi-surface reconstruction. Recent studies
indicate that charge-density wave order plays a role in the
reconstruction22–25. Indeed, the charge modulation seen with
X-rays23–25 and the Fermi-surface reconstruction seen in the Hall
coefficient18,26 emerge in parallel with decreasing temperature
(see Fig. 5). Moreover, the charge modulation amplitude drops
suddenly below Tc, showing that superconductivity and charge
order compete23–25 (Supplementary Fig. 7a). As a function of
field24, the onset of this competition defines a line in the H—T
plane (Supplementary Fig. 7b) that is consistent with our Hc2(T)
line (Fig. 3). The flip side of this phase competition is that
superconductivity must in turn be suppressed by charge order,
consistent with our interpretation of the Tc fall and Hc2 collapse
below p2.

We can quantify the impact of phase competition by
computing the condensation energy dE at p¼ p2, using
Hc1¼ 110±5 mT at Tc¼ 93 K (ref. 27) and Hc2¼ 140±20 T
(Table 1), and comparing with dE at p¼ 0.11 (see above): dE
decreases by a factor 20 and dE/Tc

2 by a factor 8 (see
Supplementary Note 5). In Fig. 4c, we plot the doping
dependence of dE/Tc

2 (in qualitative agreement with earlier
estimates based on specific heat data28—see Supplementary
Fig. 8). We attribute the tremendous weakening of super-
conductivity below p2 to a major drop in the density of states
as the large hole-like Fermi surface reconstructs into small
pockets. This process is likely to involve both the pseudogap
formation and the charge ordering.
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Figure 4 | Doping dependence of Hc2, Tc and the condensation energy.
(a) Upper critical field Hc2 of the cuprate superconductor YBCO as a
function of hole concentration (doping) p. Hc2 is defined as Hvs(T-0)
(Table 1), the onset of the vortex-solid phase at T-0, where Hvs(T) is
obtained from high-field resistivity data (Fig. 3, and Supplementary Figs 5
and 6). The point at p¼0.14 (square) is from data on Y124 (Fig. 3b). The
points at p40.22 (diamonds) are from data on Tl-2201 (Table 1, Fig. 2 and
Supplementary Fig. 6). Error bars on the Hc2 data represent the uncertainty
in extrapolating the Hvs(T) data to T¼0. (b) Critical temperature Tc of
YBCO as a function of doping p, for three values of the magnetic field H, as
indicated (Table 1). Tc is defined as the point of zero resistance. All lines are
a guide to the eye. Two peaks are observed in Hc2(p) and in Tc(p; H40),
located at p1B0.08 and p2B0.18 (open diamonds). The first peak coincides
with the onset of incommensurate spin modulations at pE0.08, detected
by neutron scattering30 and muon spin spectroscopy31. The second peak
coincides with the approximate onset of Fermi-surface reconstruction18,21,
attributed to charge modulations detected by high-field NMR (ref. 22) and
X-ray scattering23–25. (c) Condensation energy dE (red circles), given by the
product of Hc2 and Hc1 (see Supplementary Note 5 and Supplementary
Fig. 8), plotted as dE/Tc

2 vs p. Note the eightfold drop below p2 (vertical
dashed line), attributed predominantly to a corresponding drop in the
density of states. All lines are a guide to the eye.
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