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Giant thermal Hall conductivity in the pseudogap 
phase of cuprate superconductors
G. Grissonnanche1*, A. Legros1,2, S. Badoux1, E. Lefrançois1, V. Zatko1, M. Lizaire1, F. Laliberté1, A. Gourgout1, J.-S. Zhou3,  
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The nature of the pseudogap phase of the copper oxides (‘cuprates’) 
remains a puzzle. Although there are indications that this phase 
breaks various symmetries, there is no consensus on its fundamental 
nature1. Fermi-surface, transport and thermodynamic signatures 
of the pseudogap phase are reminiscent of a transition into a phase 
with antiferromagnetic order, but evidence for an associated long-
range magnetic order is still lacking2. Here we report measurements 
of the thermal Hall conductivity (in the x–y plane, κxy) in the 
normal state of four different cuprates—La1.6−xNd0.4SrxCuO4, 
La1.8−xEu0.2SrxCuO4, La2−xSrxCuO4 and Bi2Sr2−xLaxCuO6+δ. We 
show that a large negative κxy signal is a property of the pseudogap 
phase, appearing at its critical hole doping, p*. It is also a property 
of the Mott insulator at p ≈ 0, where κxy has the largest reported 
magnitude of any insulator so far3. Because this negative κxy signal 
grows as the system becomes increasingly insulating electrically, it 
cannot be attributed to conventional mobile charge carriers. Nor is 
it due to magnons, because it exists in the absence of magnetic order. 
Our observation is reminiscent of the thermal Hall conductivity of 
insulators with spin-liquid states4–6, pointing to neutral excitations 
with spin chirality7 in the pseudogap phase of cuprates.

Among the different families of unconventional superconductors, 
magnetism and superconductivity are often closely associated8. A nota-
ble exception is the family of hole-doped cuprates, where superconduc-
tivity mostly coexists instead with the pseudogap phase, which is an 
enigmatic state of matter whose nature remains unclear1. The critical 
doping p* (for the onset of the pseudogap phase) bears the hallmarks 
of an antiferromagnetic quantum critical point2, with a sharp drop in 
the carrier density n from n ≈ 1 + p above p* to n ≈ p below p*, a 
resistivity linear with temperature T, and a specific heat with a log(1/T) 
dependence. Yet, there is no evidence for long-range magnetic order 
appearing at p*. However, numerical solutions of the Hubbard model 
have shown that a pseudogap phase can arise from short-range antifer-
romagnetic correlations9. It has been argued that an exotic state with 
topological order can account for such a pseudogap and for the drop 
in carrier density without breaking translational symmetry10, but the 
low-energy excitations of such a state have yet to be detected.

In recent years, the thermal Hall effect has emerged as a powerful 
probe of magnetic texture and topological excitations in insulators.  
On the theory side, a non-zero thermal Hall conductivity κxy was 
shown to arise even without long-range magnetic order, either from the 
spin chirality of a paramagnetic state7 or from fractionalized (topolog-
ical) excitations in a spin liquid11. On the experimental side, a sizeable 
κxy has been measured in insulators without magnetic order, such as 
the spin-ice system Tb2Ti2O7 (ref. 12) and the spin-liquid systems RuCl3 
(ref. 4), volborthite5 and Ca kapellasite6.

In cuprates, studies of κxy have so far been limited to the super-
conducting state13–15, except for the case of YBa2Cu3Oy (YBCO) at 
p = 0.11, where κxy was measured in the field-induced normal state16, 

which has charge-density-wave order2. See Methods for a discussion 
of this particular case.

Here, we investigate the thermal Hall response of the pseu-
dogap phase via measurements of κxy in four different cuprate 
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Fig. 1 | Phase diagram and thermal Hall conductivity of cuprates.  
a, Temperature–doping phase diagram of Nd-LSCO, Eu-LSCO and LSCO, 
showing the antiferromagnetic phase below the Néel temperature TN and 
the pseudogap phase below T* (ref. 29), which ends at the critical doping 
p* = 0.23 for both Nd-LSCO (ref. 17) and Eu-LSCO (ref. 30). For LSCO, 
p* ≈ 0.18 (ref. 29). Short-range incommensurate spin order occurs below 
Tm, as measured by µSR on Nd-LSCO (squares21), Eu-LSCO (circles31) and 
LSCO (triangles32). The coloured vertical strips indicate the temperature 
range where the thermal Hall conductivity κxy/T at the corresponding 
doping decreases towards negative values at low temperature (see b).  
b, Thermal Hall conductivity κxy/T versus temperature in a field H = 15 T, 
for four materials and dopings as indicated, colour-coded with the vertical 
strips in a. On the right vertical axis, the magnitude of κxy/T is expressed 
in fundamental units of thermal conductance per plane (kB

2/ħ).
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Model for the pseudogap

Fermionic ‘chargons’ of density � in hole pockets.
The fermions carry electromagnetic gauge charge +e,
and charges p = ±1 under an emergent U(1) gauge field.
v is a valley index, vdis is an impurity potential.
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Increasing SDW order



Thermal Hall conductivity

Fermionic ‘chargons’ of density � in hole pockets.
The fermions carry electromagnetic gauge charge +e,
and charges p = ±1 under an emergent U(1) gauge field.
v is a valley index, vdis is an impurity potential.
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Increasing SDW order

Leading order fermionic contribution is that
implied by the Wiedemann-Franz law.
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Thermal Hall conductivity

Fermionic ‘chargons’ of density � in hole pockets.
The fermions carry electromagnetic gauge charge +e,
and charges p = ±1 under an emergent U(1) gauge field.
v is a valley index, vdis is an impurity potential.
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Integrating out the fermions leads to an e↵ective
action for the emergent U(1) gauge field
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Thermal Hall conductivity

Fermionic ‘chargons’ of density � in hole pockets.
The fermions carry electromagnetic gauge charge +e,
and charges p = ±1 under an emergent U(1) gauge field.
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The gauge field contributes a thermal Hall con-

ductivity, 1
xy, which has the opposite sign from

the Wiedemann-Franz term determined from �xy.
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Needed: Phonon assisted emergent-photon transport ?
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The nature of the pseudogap phase of the copper oxides (‘cuprates’) 
remains a puzzle. Although there are indications that this phase 
breaks various symmetries, there is no consensus on its fundamental 
nature1. Fermi-surface, transport and thermodynamic signatures 
of the pseudogap phase are reminiscent of a transition into a phase 
with antiferromagnetic order, but evidence for an associated long-
range magnetic order is still lacking2. Here we report measurements 
of the thermal Hall conductivity (in the x–y plane, κxy) in the 
normal state of four different cuprates—La1.6−xNd0.4SrxCuO4, 
La1.8−xEu0.2SrxCuO4, La2−xSrxCuO4 and Bi2Sr2−xLaxCuO6+δ. We 
show that a large negative κxy signal is a property of the pseudogap 
phase, appearing at its critical hole doping, p*. It is also a property 
of the Mott insulator at p ≈ 0, where κxy has the largest reported 
magnitude of any insulator so far3. Because this negative κxy signal 
grows as the system becomes increasingly insulating electrically, it 
cannot be attributed to conventional mobile charge carriers. Nor is 
it due to magnons, because it exists in the absence of magnetic order. 
Our observation is reminiscent of the thermal Hall conductivity of 
insulators with spin-liquid states4–6, pointing to neutral excitations 
with spin chirality7 in the pseudogap phase of cuprates.

Among the different families of unconventional superconductors, 
magnetism and superconductivity are often closely associated8. A nota-
ble exception is the family of hole-doped cuprates, where superconduc-
tivity mostly coexists instead with the pseudogap phase, which is an 
enigmatic state of matter whose nature remains unclear1. The critical 
doping p* (for the onset of the pseudogap phase) bears the hallmarks 
of an antiferromagnetic quantum critical point2, with a sharp drop in 
the carrier density n from n ≈ 1 + p above p* to n ≈ p below p*, a 
resistivity linear with temperature T, and a specific heat with a log(1/T) 
dependence. Yet, there is no evidence for long-range magnetic order 
appearing at p*. However, numerical solutions of the Hubbard model 
have shown that a pseudogap phase can arise from short-range antifer-
romagnetic correlations9. It has been argued that an exotic state with 
topological order can account for such a pseudogap and for the drop 
in carrier density without breaking translational symmetry10, but the 
low-energy excitations of such a state have yet to be detected.

In recent years, the thermal Hall effect has emerged as a powerful 
probe of magnetic texture and topological excitations in insulators.  
On the theory side, a non-zero thermal Hall conductivity κxy was 
shown to arise even without long-range magnetic order, either from the 
spin chirality of a paramagnetic state7 or from fractionalized (topolog-
ical) excitations in a spin liquid11. On the experimental side, a sizeable 
κxy has been measured in insulators without magnetic order, such as 
the spin-ice system Tb2Ti2O7 (ref. 12) and the spin-liquid systems RuCl3 
(ref. 4), volborthite5 and Ca kapellasite6.

In cuprates, studies of κxy have so far been limited to the super-
conducting state13–15, except for the case of YBa2Cu3Oy (YBCO) at 
p = 0.11, where κxy was measured in the field-induced normal state16, 

which has charge-density-wave order2. See Methods for a discussion 
of this particular case.

Here, we investigate the thermal Hall response of the pseu-
dogap phase via measurements of κxy in four different cuprate 
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Fig. 1 | Phase diagram and thermal Hall conductivity of cuprates.  
a, Temperature–doping phase diagram of Nd-LSCO, Eu-LSCO and LSCO, 
showing the antiferromagnetic phase below the Néel temperature TN and 
the pseudogap phase below T* (ref. 29), which ends at the critical doping 
p* = 0.23 for both Nd-LSCO (ref. 17) and Eu-LSCO (ref. 30). For LSCO, 
p* ≈ 0.18 (ref. 29). Short-range incommensurate spin order occurs below 
Tm, as measured by µSR on Nd-LSCO (squares21), Eu-LSCO (circles31) and 
LSCO (triangles32). The coloured vertical strips indicate the temperature 
range where the thermal Hall conductivity κxy/T at the corresponding 
doping decreases towards negative values at low temperature (see b).  
b, Thermal Hall conductivity κxy/T versus temperature in a field H = 15 T, 
for four materials and dopings as indicated, colour-coded with the vertical 
strips in a. On the right vertical axis, the magnitude of κxy/T is expressed 
in fundamental units of thermal conductance per plane (kB

2/ħ).
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Chiral spin liquid (CSL)
with

semion topological order
<latexit sha1_base64="WPfAOeQx8IQ0QpdxAcUvqDZbBzo="></latexit>

Quantum critical theory + J� + Néel order
<latexit sha1_base64="rDCJoPEwyVbf6RS2ADlFMKxRNC0="></latexit>

J�
J1

/ B?
<latexit sha1_base64="yDkwGhRdqmdJZQ5UdhppVuR05Vo=">AAACInicbVDLSgMxFM3UV62vUZdugkUQF2WmCrosdSOuKtha6AxDJs20oclMSDJCGeYf/Ai/wa2u3YkrwY1/YtrOwrYeCDmccy/33hMKRpV2nC+rtLK6tr5R3qxsbe/s7tn7Bx2VpBKTNk5YIrshUoTRmLQ11Yx0hSSIh4w8hKPrif/wSKSiSXyvx4L4HA1iGlGMtJEC+8yLJMLZbeDhIc3N7+bQEzIROoGZF3LYzIPME0SKPLCrTs2ZAi4TtyBVUKAV2D9eP8EpJ7HGDCnVcx2h/QxJTTEjecVLFREIj9CA9AyNESfKz6Y35fDEKH0YJdK8WMOp+ rcjQ1ypMQ9NJUd6qBa9ifif10t1dOVnNBapJjGeDYpSBs3Bk4Bgn0qCNRsbgrCkZleIh8iEpE2Mc1NCPsnEXUxgmXTqNfe8Vr+7qDaaRTplcASOwSlwwSVogBvQAm2AwRN4Aa/gzXq23q0P63NWWrKKnkMwB+v7F/p4pRM=</latexit>

Sf =

Z
d2rd⌧

2X

↵=1


f↵�

µ(@µ � iAµ)f↵ +m� f↵f↵

�

<latexit sha1_base64="M9TLWKClQOWxM7+53x5cEekh3fo=">AAAC3HicdVJNbxMxEPVu+SjhK8CRy4gIqQiIdrdVmh4qFZAQxyJIWylOVrNe78aq7V2tvS3RKjduiCv/jRsX/gfeJEUKKiNZHs88e968cVJKYWwQ/PT8rRs3b93evtO5e+/+g4fdR49PTFFXjI9YIYvqLEHDpdB8ZIWV/KysOKpE8tPk/F2bP73glRGF/mznJZ8ozLXIBEPrQnH3F9WF0CnXtkMTngvdpMKUEucK7WzRoe3GUD afFnEGhwBUaAvpNIIKUqAWa6CmVnFDUZYzPAwXLkUTkedyDLRwlVtiTbaIVwCgOSqFU6pq2KElVlagjNvTaxDwpvVeQHYFhpegYspmAuira1/7i1yVnECHcp1utBB3e0E/2hsOBwcQ9MMwjPZbJ9gdDIYHEPaDpfXI2o7j7m+aFqxWThIm0ZhxGJR20rRUmeROktrwEtk55rxZ6r+A5y6UQlZUbjl5ltENHCpj5ipxyJaT+Te3JHpNblzbbDhphC5ryzVbFcpqCbaAdpiQioozK+eAjDm+NVrHg82wQmbd0DvUcPcjdG5nDbX8i70UqavU7And6nLVPPzfOYn64W4/+hj1jt6uFdomT8kzskNCsk+OyAdyTEaEee896dXehT/1v/rf/O8rqO+t7zwhG+b/+AMa6Oae</latexit>



H =
X

n.n.

J1Si ·Sj+
X

n.n.n.

J2Si ·Sj+J�

X

4
Si ·(Sj⇥Sk)�

X

i

BZ ·Si .

<latexit sha1_base64="pUDkRBoNqHLIyCr/fSKa7CEFmRY="></latexit>

J2/J1
<latexit sha1_base64="G9P2QTuAClBk/GGfooSmq4LxCrc=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqe5WQY9FL9JTBfsB7bJk02wbms0uSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+P2jpOFWUtGotYdQOimeCStQw3gnUTxUgUCNYJxnczv/PElOaxfDSThHkRGUoeckqMlToNv3bR8F2/XHGqzhx4lbg5qUCOpl/+6g9imkZMGiqI1j3XSYyXEWU4FWxa6qeaJYSOyZD1LJUkYtrL5udO8ZlVBjiMlS1p8Fz9PZGRSOtJFNjOiJiRXvZm4n9eLzXhjZdxmaSGSbpYFKYCmxjPfscDrhg1YmIJoYrbWzEdEUWosQmVbAju8surpF2rupfV2sNVpX6bx1GEEziFc3DhGupwD01oAYUxPMMrvKEEvaB39LFoLaB85hj+AH3+APK5jqg=</latexit>

Néel
<latexit sha1_base64="cHZ+hdHQ7ZaQctcccFVVh0hrSw4=">AAACAHicdVDLSsNAFJ34rPVVdelmsIiuQpoqxp3oxpVUsFUwpUymN+3YySRkbtQSuvEL3OoXuBO3/okf4H84rXVR0QMDl3POcM89QSKFRsf5sKamZ2bn5gsLxcWl5ZXV0tp6Q8dZyqHOYxmnVwHTIIWCOgqUcJWkwKJAwmXQOxnql7eQahGrC+wn0IxYR4lQcIaGapz5OwCyVSo79r5b9fY96tjOCGZwD6sH3iGtjJkyGaPWKn367ZhnESjkkml9XXESbOYsRcElDIp+piFhvMc6kI8yDui2odo0jFPzFNIRO+Fjkdb9KDDOiGFX/9aG5F/adYah18yFSjIExb8XhZmkGNPhwbQtUuAo+5RxbvJmDE0O3mUp42iKKfoaTGuqg93cR7jHO9E2m/I9oQaml5/j6f9Dw7UrVds9d8tHx+OGCmSTbJFdUiEH5IickhqpE05uyCN5Is/Wg/VivVpv39Ypa/xng0zAev8CCPiXmA==</latexit> VBS

<latexit sha1_base64="uPoEJMJvjPXtwbG1x8MCLr1Pg+o=">AAAB/XicdVDLTsJAFJ3iC/GFunQzkZi4Ii2g1h3BjUsM8kgoIdPpABOm06Zzq5KG+AVu9QvcGbd+ix/gfzhAXWD0JpOcnHMm99zjhoIrMM1PI7Oyura+kd3MbW3v7O7l9w9aKogjypo0EEHUcYligkvWBA6CdcKIEd8VrO2Or2Z6+45FigfyFiYh6/lkKPmAUwKaarRqjX6+YBbN80vbLmMN5qOBfWZXrDK2UqaA0qn381+OF9DYZxKoIEp1LTOEXkIi4FSwac6JFQsJHZMhS+YBp/hEUx4eBJF+EvCcXfIRX6mJ72qnT2Ckfmsz8i+tG8PA7iVchjEwSReLBrHAEODZtdjjEaMgJphQqvPGBHQOOiIRoaBbyTmK6crkEEaJA+wB7rmnNyUVLqe6l5/j8f+gVSpa5WLpplSo1tKGsugIHaNTZKELVEXXqI6aiKIhekLP6MV4NF6NN+N9Yc0Y6Z9DtDTGxzfKGpZY</latexit>

Chiral spin liquid (CSL)
with

semion topological order
<latexit sha1_base64="WPfAOeQx8IQ0QpdxAcUvqDZbBzo="></latexit>

Quantum critical theory + J� + Néel order
<latexit sha1_base64="rDCJoPEwyVbf6RS2ADlFMKxRNC0="></latexit>

Infinitesimal J�
induces a CSL
with quantized

xy/T =
(⇡/6)k2B/~!<latexit sha1_base64="q5IJxUQKGV/F9hx8/+5D9/8wSco="></latexit>

J�
J1

/ B?
<latexit sha1_base64="yDkwGhRdqmdJZQ5UdhppVuR05Vo=">AAACInicbVDLSgMxFM3UV62vUZdugkUQF2WmCrosdSOuKtha6AxDJs20oclMSDJCGeYf/Ai/wa2u3YkrwY1/YtrOwrYeCDmccy/33hMKRpV2nC+rtLK6tr5R3qxsbe/s7tn7Bx2VpBKTNk5YIrshUoTRmLQ11Yx0hSSIh4w8hKPrif/wSKSiSXyvx4L4HA1iGlGMtJEC+8yLJMLZbeDhIc3N7+bQEzIROoGZF3LYzIPME0SKPLCrTs2ZAi4TtyBVUKAV2D9eP8EpJ7HGDCnVcx2h/QxJTTEjecVLFREIj9CA9AyNESfKz6Y35fDEKH0YJdK8WMOp+ rcjQ1ypMQ9NJUd6qBa9ifif10t1dOVnNBapJjGeDYpSBs3Bk4Bgn0qCNRsbgrCkZleIh8iEpE2Mc1NCPsnEXUxgmXTqNfe8Vr+7qDaaRTplcASOwSlwwSVogBvQAm2AwRN4Aa/gzXq23q0P63NWWrKKnkMwB+v7F/p4pRM=</latexit>

Sf =

Z
d2rd⌧

2X

↵=1


f↵�

µ(@µ � iAµ)f↵ +m� f↵f↵

�

<latexit sha1_base64="M9TLWKClQOWxM7+53x5cEekh3fo=">AAAC3HicdVJNbxMxEPVu+SjhK8CRy4gIqQiIdrdVmh4qFZAQxyJIWylOVrNe78aq7V2tvS3RKjduiCv/jRsX/gfeJEUKKiNZHs88e968cVJKYWwQ/PT8rRs3b93evtO5e+/+g4fdR49PTFFXjI9YIYvqLEHDpdB8ZIWV/KysOKpE8tPk/F2bP73glRGF/mznJZ8ozLXIBEPrQnH3F9WF0CnXtkMTngvdpMKUEucK7WzRoe3GUD afFnEGhwBUaAvpNIIKUqAWa6CmVnFDUZYzPAwXLkUTkedyDLRwlVtiTbaIVwCgOSqFU6pq2KElVlagjNvTaxDwpvVeQHYFhpegYspmAuira1/7i1yVnECHcp1utBB3e0E/2hsOBwcQ9MMwjPZbJ9gdDIYHEPaDpfXI2o7j7m+aFqxWThIm0ZhxGJR20rRUmeROktrwEtk55rxZ6r+A5y6UQlZUbjl5ltENHCpj5ipxyJaT+Te3JHpNblzbbDhphC5ryzVbFcpqCbaAdpiQioozK+eAjDm+NVrHg82wQmbd0DvUcPcjdG5nDbX8i70UqavU7And6nLVPPzfOYn64W4/+hj1jt6uFdomT8kzskNCsk+OyAdyTEaEee896dXehT/1v/rf/O8rqO+t7zwhG+b/+AMa6Oae</latexit>



H =
X

n.n.

J1Si ·Sj+
X

n.n.n.

J2Si ·Sj+J�

X

4
Si ·(Sj⇥Sk)�

X

i

BZ ·Si .

<latexit sha1_base64="pUDkRBoNqHLIyCr/fSKa7CEFmRY="></latexit>

J2/J1
<latexit sha1_base64="G9P2QTuAClBk/GGfooSmq4LxCrc=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqe5WQY9FL9JTBfsB7bJk02wbms0uSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+P2jpOFWUtGotYdQOimeCStQw3gnUTxUgUCNYJxnczv/PElOaxfDSThHkRGUoeckqMlToNv3bR8F2/XHGqzhx4lbg5qUCOpl/+6g9imkZMGiqI1j3XSYyXEWU4FWxa6qeaJYSOyZD1LJUkYtrL5udO8ZlVBjiMlS1p8Fz9PZGRSOtJFNjOiJiRXvZm4n9eLzXhjZdxmaSGSbpYFKYCmxjPfscDrhg1YmIJoYrbWzEdEUWosQmVbAju8surpF2rupfV2sNVpX6bx1GEEziFc3DhGupwD01oAYUxPMMrvKEEvaB39LFoLaB85hj+AH3+APK5jqg=</latexit>

Néel
<latexit sha1_base64="cHZ+hdHQ7ZaQctcccFVVh0hrSw4=">AAACAHicdVDLSsNAFJ34rPVVdelmsIiuQpoqxp3oxpVUsFUwpUymN+3YySRkbtQSuvEL3OoXuBO3/okf4H84rXVR0QMDl3POcM89QSKFRsf5sKamZ2bn5gsLxcWl5ZXV0tp6Q8dZyqHOYxmnVwHTIIWCOgqUcJWkwKJAwmXQOxnql7eQahGrC+wn0IxYR4lQcIaGapz5OwCyVSo79r5b9fY96tjOCGZwD6sH3iGtjJkyGaPWKn367ZhnESjkkml9XXESbOYsRcElDIp+piFhvMc6kI8yDui2odo0jFPzFNIRO+Fjkdb9KDDOiGFX/9aG5F/adYah18yFSjIExb8XhZmkGNPhwbQtUuAo+5RxbvJmDE0O3mUp42iKKfoaTGuqg93cR7jHO9E2m/I9oQaml5/j6f9Dw7UrVds9d8tHx+OGCmSTbJFdUiEH5IickhqpE05uyCN5Is/Wg/VivVpv39Ypa/xng0zAev8CCPiXmA==</latexit> VBS

<latexit sha1_base64="uPoEJMJvjPXtwbG1x8MCLr1Pg+o=">AAAB/XicdVDLTsJAFJ3iC/GFunQzkZi4Ii2g1h3BjUsM8kgoIdPpABOm06Zzq5KG+AVu9QvcGbd+ix/gfzhAXWD0JpOcnHMm99zjhoIrMM1PI7Oyura+kd3MbW3v7O7l9w9aKogjypo0EEHUcYligkvWBA6CdcKIEd8VrO2Or2Z6+45FigfyFiYh6/lkKPmAUwKaarRqjX6+YBbN80vbLmMN5qOBfWZXrDK2UqaA0qn381+OF9DYZxKoIEp1LTOEXkIi4FSwac6JFQsJHZMhS+YBp/hEUx4eBJF+EvCcXfIRX6mJ72qnT2Ckfmsz8i+tG8PA7iVchjEwSReLBrHAEODZtdjjEaMgJphQqvPGBHQOOiIRoaBbyTmK6crkEEaJA+wB7rmnNyUVLqe6l5/j8f+gVSpa5WLpplSo1tKGsugIHaNTZKELVEXXqI6aiKIhekLP6MV4NF6NN+N9Yc0Y6Z9DtDTGxzfKGpZY</latexit>

VBS
+CSL

<latexit sha1_base64="Kay7A7ZG06EIBFNGY8n99G1pMWY="></latexit>

Néel
+CSL

<latexit sha1_base64="deBLsLlfkarDesqPgWgmvXs0940="></latexit>

Chiral spin liquid (CSL)
with

semion topological order
<latexit sha1_base64="WPfAOeQx8IQ0QpdxAcUvqDZbBzo="></latexit>

Quantum critical theory + J� + Néel order
<latexit sha1_base64="rDCJoPEwyVbf6RS2ADlFMKxRNC0="></latexit>

J�
J1

/ B?
<latexit sha1_base64="yDkwGhRdqmdJZQ5UdhppVuR05Vo=">AAACInicbVDLSgMxFM3UV62vUZdugkUQF2WmCrosdSOuKtha6AxDJs20oclMSDJCGeYf/Ai/wa2u3YkrwY1/YtrOwrYeCDmccy/33hMKRpV2nC+rtLK6tr5R3qxsbe/s7tn7Bx2VpBKTNk5YIrshUoTRmLQ11Yx0hSSIh4w8hKPrif/wSKSiSXyvx4L4HA1iGlGMtJEC+8yLJMLZbeDhIc3N7+bQEzIROoGZF3LYzIPME0SKPLCrTs2ZAi4TtyBVUKAV2D9eP8EpJ7HGDCnVcx2h/QxJTTEjecVLFREIj9CA9AyNESfKz6Y35fDEKH0YJdK8WMOp+ rcjQ1ypMQ9NJUd6qBa9ifif10t1dOVnNBapJjGeDYpSBs3Bk4Bgn0qCNRsbgrCkZleIh8iEpE2Mc1NCPsnEXUxgmXTqNfe8Vr+7qDaaRTplcASOwSlwwSVogBvQAm2AwRN4Aa/gzXq23q0P63NWWrKKnkMwB+v7F/p4pRM=</latexit>

Sf =

Z
d2rd⌧

2X

↵=1


f↵�

µ(@µ � iAµ)f↵ +m� f↵f↵ +mN f↵�f↵

�

<latexit sha1_base64="v/rmpgtscV7GTPTOWwWYwJQAZ3I=">AAADCnicdVLNbtQwEHbCX1ko3cKRy4gVUhGwStJquz1UKnCAEyqCbSutt5HjOIlV24liB1hF+wY8AVd4Am6IKy/BA/Ae2Ltb0KJ2JMvjmc+ebz5PUgmuTRD88vwrV69dv7F2s3Pr9vqdje7m3SNdNjVlI1qKsj5JiGaCKzYy3Ah2UtWMyESw4+Tshcsfv2e15qV6Z6YVm0iSK55xSowNxZveOlYlVylTpoMTlnPVplxXgkwlMc Wsg91GiWjfzuIM9gEwVwbS0whqSAEb0gDWjYxbTERVkP1wZlM44XkuxoBLW9oxa7NZvAAAzomU5BTLBrZwRWrDiYjd6SlweOa8R5Cdg+ExyBjTggN+cuFrf5EO+PoyFH7pav4DL/hNoIOZSlf6jbu9oB/tDIeDPQj6YRhGu84JtgeD4R6E/WBuPbS0w7j7G6clbaTVjwqi9TgMKjNpXV9UMKtfo1lF6BnJWTv/rRk8tKEUsrK2y2o5j67giNR6KhOLdJz0/7k50Qty48Zkw0nLVdUYpuiiUNYIMCW4r4eU14waMQVCqeXbEGN50ILUhBo7Ih2smZ0flZuixYZ9NB94aiu1O1w5Xc6bh8udo6gfbvejN1Hv4PlSoTV0Hz1AWyhEu+gAvUKHaISoZ7zP3hfvq//J/+Z/938soL63vHMPrZj/8w8TBPc9</latexit>



H =
X

n.n.

J1Si ·Sj+
X

n.n.n.

J2Si ·Sj+J�

X

4
Si ·(Sj⇥Sk)�

X

i

BZ ·Si .

<latexit sha1_base64="pUDkRBoNqHLIyCr/fSKa7CEFmRY="></latexit>

J2/J1
<latexit sha1_base64="G9P2QTuAClBk/GGfooSmq4LxCrc=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqe5WQY9FL9JTBfsB7bJk02wbms0uSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+P2jpOFWUtGotYdQOimeCStQw3gnUTxUgUCNYJxnczv/PElOaxfDSThHkRGUoeckqMlToNv3bR8F2/XHGqzhx4lbg5qUCOpl/+6g9imkZMGiqI1j3XSYyXEWU4FWxa6qeaJYSOyZD1LJUkYtrL5udO8ZlVBjiMlS1p8Fz9PZGRSOtJFNjOiJiRXvZm4n9eLzXhjZdxmaSGSbpYFKYCmxjPfscDrhg1YmIJoYrbWzEdEUWosQmVbAju8surpF2rupfV2sNVpX6bx1GEEziFc3DhGupwD01oAYUxPMMrvKEEvaB39LFoLaB85hj+AH3+APK5jqg=</latexit>

Néel
<latexit sha1_base64="cHZ+hdHQ7ZaQctcccFVVh0hrSw4=">AAACAHicdVDLSsNAFJ34rPVVdelmsIiuQpoqxp3oxpVUsFUwpUymN+3YySRkbtQSuvEL3OoXuBO3/okf4H84rXVR0QMDl3POcM89QSKFRsf5sKamZ2bn5gsLxcWl5ZXV0tp6Q8dZyqHOYxmnVwHTIIWCOgqUcJWkwKJAwmXQOxnql7eQahGrC+wn0IxYR4lQcIaGapz5OwCyVSo79r5b9fY96tjOCGZwD6sH3iGtjJkyGaPWKn367ZhnESjkkml9XXESbOYsRcElDIp+piFhvMc6kI8yDui2odo0jFPzFNIRO+Fjkdb9KDDOiGFX/9aG5F/adYah18yFSjIExb8XhZmkGNPhwbQtUuAo+5RxbvJmDE0O3mUp42iKKfoaTGuqg93cR7jHO9E2m/I9oQaml5/j6f9Dw7UrVds9d8tHx+OGCmSTbJFdUiEH5IickhqpE05uyCN5Is/Wg/VivVpv39Ypa/xng0zAev8CCPiXmA==</latexit> VBS

<latexit sha1_base64="uPoEJMJvjPXtwbG1x8MCLr1Pg+o=">AAAB/XicdVDLTsJAFJ3iC/GFunQzkZi4Ii2g1h3BjUsM8kgoIdPpABOm06Zzq5KG+AVu9QvcGbd+ix/gfzhAXWD0JpOcnHMm99zjhoIrMM1PI7Oyura+kd3MbW3v7O7l9w9aKogjypo0EEHUcYligkvWBA6CdcKIEd8VrO2Or2Z6+45FigfyFiYh6/lkKPmAUwKaarRqjX6+YBbN80vbLmMN5qOBfWZXrDK2UqaA0qn381+OF9DYZxKoIEp1LTOEXkIi4FSwac6JFQsJHZMhS+YBp/hEUx4eBJF+EvCcXfIRX6mJ72qnT2Ckfmsz8i+tG8PA7iVchjEwSReLBrHAEODZtdjjEaMgJphQqvPGBHQOOiIRoaBbyTmK6crkEEaJA+wB7rmnNyUVLqe6l5/j8f+gVSpa5WLpplSo1tKGsugIHaNTZKELVEXXqI6aiKIhekLP6MV4NF6NN+N9Yc0Y6Z9DtDTGxzfKGpZY</latexit>

VBS
+CSL

<latexit sha1_base64="Kay7A7ZG06EIBFNGY8n99G1pMWY="></latexit>

Néel
+CSL

<latexit sha1_base64="deBLsLlfkarDesqPgWgmvXs0940="></latexit>

Chiral spin liquid (CSL)
with

semion topological order
<latexit sha1_base64="WPfAOeQx8IQ0QpdxAcUvqDZbBzo="></latexit>

Quantum critical theory + J� + Néel order
<latexit sha1_base64="rDCJoPEwyVbf6RS2ADlFMKxRNC0="></latexit>

J�
J1

/ B?
<latexit sha1_base64="yDkwGhRdqmdJZQ5UdhppVuR05Vo=">AAACInicbVDLSgMxFM3UV62vUZdugkUQF2WmCrosdSOuKtha6AxDJs20oclMSDJCGeYf/Ai/wa2u3YkrwY1/YtrOwrYeCDmccy/33hMKRpV2nC+rtLK6tr5R3qxsbe/s7tn7Bx2VpBKTNk5YIrshUoTRmLQ11Yx0hSSIh4w8hKPrif/wSKSiSXyvx4L4HA1iGlGMtJEC+8yLJMLZbeDhIc3N7+bQEzIROoGZF3LYzIPME0SKPLCrTs2ZAi4TtyBVUKAV2D9eP8EpJ7HGDCnVcx2h/QxJTTEjecVLFREIj9CA9AyNESfKz6Y35fDEKH0YJdK8WMOp+ rcjQ1ypMQ9NJUd6qBa9ifif10t1dOVnNBapJjGeDYpSBs3Bk4Bgn0qCNRsbgrCkZleIh8iEpE2Mc1NCPsnEXUxgmXTqNfe8Vr+7qDaaRTplcASOwSlwwSVogBvQAm2AwRN4Aa/gzXq23q0P63NWWrKKnkMwB+v7F/p4pRM=</latexit>
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Giant thermal Hall conductivity in the pseudogap 
phase of cuprate superconductors
G. Grissonnanche1*, A. Legros1,2, S. Badoux1, E. Lefrançois1, V. Zatko1, M. Lizaire1, F. Laliberté1, A. Gourgout1, J.-S. Zhou3,  
S. Pyon4,5, T. Takayama4,6, H. Takagi4,6,7,8, S. Ono9, N. Doiron-Leyraud1 & L. Taillefer1,10*

The nature of the pseudogap phase of the copper oxides (‘cuprates’) 
remains a puzzle. Although there are indications that this phase 
breaks various symmetries, there is no consensus on its fundamental 
nature1. Fermi-surface, transport and thermodynamic signatures 
of the pseudogap phase are reminiscent of a transition into a phase 
with antiferromagnetic order, but evidence for an associated long-
range magnetic order is still lacking2. Here we report measurements 
of the thermal Hall conductivity (in the x–y plane, κxy) in the 
normal state of four different cuprates—La1.6−xNd0.4SrxCuO4, 
La1.8−xEu0.2SrxCuO4, La2−xSrxCuO4 and Bi2Sr2−xLaxCuO6+δ. We 
show that a large negative κxy signal is a property of the pseudogap 
phase, appearing at its critical hole doping, p*. It is also a property 
of the Mott insulator at p ≈ 0, where κxy has the largest reported 
magnitude of any insulator so far3. Because this negative κxy signal 
grows as the system becomes increasingly insulating electrically, it 
cannot be attributed to conventional mobile charge carriers. Nor is 
it due to magnons, because it exists in the absence of magnetic order. 
Our observation is reminiscent of the thermal Hall conductivity of 
insulators with spin-liquid states4–6, pointing to neutral excitations 
with spin chirality7 in the pseudogap phase of cuprates.

Among the different families of unconventional superconductors, 
magnetism and superconductivity are often closely associated8. A nota-
ble exception is the family of hole-doped cuprates, where superconduc-
tivity mostly coexists instead with the pseudogap phase, which is an 
enigmatic state of matter whose nature remains unclear1. The critical 
doping p* (for the onset of the pseudogap phase) bears the hallmarks 
of an antiferromagnetic quantum critical point2, with a sharp drop in 
the carrier density n from n ≈ 1 + p above p* to n ≈ p below p*, a 
resistivity linear with temperature T, and a specific heat with a log(1/T) 
dependence. Yet, there is no evidence for long-range magnetic order 
appearing at p*. However, numerical solutions of the Hubbard model 
have shown that a pseudogap phase can arise from short-range antifer-
romagnetic correlations9. It has been argued that an exotic state with 
topological order can account for such a pseudogap and for the drop 
in carrier density without breaking translational symmetry10, but the 
low-energy excitations of such a state have yet to be detected.

In recent years, the thermal Hall effect has emerged as a powerful 
probe of magnetic texture and topological excitations in insulators.  
On the theory side, a non-zero thermal Hall conductivity κxy was 
shown to arise even without long-range magnetic order, either from the 
spin chirality of a paramagnetic state7 or from fractionalized (topolog-
ical) excitations in a spin liquid11. On the experimental side, a sizeable 
κxy has been measured in insulators without magnetic order, such as 
the spin-ice system Tb2Ti2O7 (ref. 12) and the spin-liquid systems RuCl3 
(ref. 4), volborthite5 and Ca kapellasite6.

In cuprates, studies of κxy have so far been limited to the super-
conducting state13–15, except for the case of YBa2Cu3Oy (YBCO) at 
p = 0.11, where κxy was measured in the field-induced normal state16, 

which has charge-density-wave order2. See Methods for a discussion 
of this particular case.

Here, we investigate the thermal Hall response of the pseu-
dogap phase via measurements of κxy in four different cuprate 
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Fig. 1 | Phase diagram and thermal Hall conductivity of cuprates.  
a, Temperature–doping phase diagram of Nd-LSCO, Eu-LSCO and LSCO, 
showing the antiferromagnetic phase below the Néel temperature TN and 
the pseudogap phase below T* (ref. 29), which ends at the critical doping 
p* = 0.23 for both Nd-LSCO (ref. 17) and Eu-LSCO (ref. 30). For LSCO, 
p* ≈ 0.18 (ref. 29). Short-range incommensurate spin order occurs below 
Tm, as measured by µSR on Nd-LSCO (squares21), Eu-LSCO (circles31) and 
LSCO (triangles32). The coloured vertical strips indicate the temperature 
range where the thermal Hall conductivity κxy/T at the corresponding 
doping decreases towards negative values at low temperature (see b).  
b, Thermal Hall conductivity κxy/T versus temperature in a field H = 15 T, 
for four materials and dopings as indicated, colour-coded with the vertical 
strips in a. On the right vertical axis, the magnitude of κxy/T is expressed 
in fundamental units of thermal conductance per plane (kB

2/ħ).
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Extended Data Fig. 2 | Comparison of cuprates to other oxides. a, 
Thermal conductivity of two isostructural oxides, plotted as κxx/T versus 
T at H = 0, namely Y2Ti2O7 (red) and Tb2Ti2O7 (blue) (data points39). The 
presence of disordered magnetic moments in Tb2Ti2O7 produces a strong 
scattering of phonons, seen as a massive suppression of κxx (15-fold at 
T = 15 K). b, Field dependence of κxx, plotted as ∆κxx(H)/κxx(0) versus H, 
with ∆κxx = κxx(H) − κxx(0), at T = 15 K (blue data points12). The strong 
effect of field (30% in 8 T) is a direct signature of the strong coupling 
between phonons and spins in Tb2Ti2O7. Also shown is the transverse 
response in Tb2Ti2O7 at T = 15 K, plotted as κxy/T versus H (red data 
points12). Note that in Y2Ti2O7, κxy = 0 (ref. 12). c, Thermal conductivity of 

two Nd-LSCO samples, on either side of p* (red, p = 0.24; blue, p = 0.21), 
plotted as κxx/T versus T at H = 18 T (data points). We see that contrary 
to Tb2Ti2O7 (a), the appearance of the negative κxy signal in Nd-LSCO 
below p* is not accompanied by a large suppression of κxx (see Extended 
Data Fig. 3). d, Same as b but for LSCO p = 0.06, with the same x-axis 
and y-axis scales and data taken at (nearly) the same temperature (data 
points). We see that the situation in LSCO is very different to that found 
in Tb2Ti2O7 (b): instead of having a small κxy and a large ∆κxx (b), we now 
have a large κxy and a small ∆κxx. Quantitatively, κxy/∆κxx ≈ 1 in LSCO 
and approximately 0.01 in Tb2Ti2O7, at T = 15 K and H = 8 T (Table 1).
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