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1+p mobile holes in a filled band

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

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

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

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

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

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

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-
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FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).
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Figure 6

Across the quantum critical point. a) Normal-state electronic specific heat in the T = 0 limit
as a function of doping, plotted as Cel/T vs p (red symbols) in Eu-LSCO (squares), Nd-LSCO
(circles) and LSCO (diamonds). From ref. (75). We also show Cel/T in YBCO (blue dots (18))
and in Tl2201 (green dot (76)). The vertical grey lines mark the limits of the CDW phase in
Nd-LSCO, between p = 0.08 and p ' 0.19. b) Normal-state Hall number nH (= V/e RH) in the
T = 0 limit as a function of doping, in YBCO (blue circles (21), p?= 0.19) and Nd-LSCO (red
squares (4), p?= 0.23). We also show nH in LSCO (grey squares (67)) and YBCO (grey circles
(68)) at low doping, and nH in Tl2201 (white diamond (29)) at high doping.

5. PSEUDOGAP PHASE
DOS: Density of
states (NF)

�E: Condensation
energy

Hc1: Lower critical
field

�: Residual linear
term in the specific
heat, C(T ) at T = 0,
purely electronic

The two traditional signatures of the pseudogap phase are: 1) a loss of density of

states (DOS) below p
?; 2) the opening of a partial spectral gap below T

?, seen by ARPES

(Figs. 1c, 1d) and optical conductivity, for example. Here we summarize recent high-field

measurements of the specific heat in the LSCO family (75) showing that there is a large

mass enhancement at p
?. The new data show that the pseudogap does not simply cause

a loss of DOS below p
?; instead, there is huge peak in the DOS at p

? (Fig. 6a) – much

larger than expected from a van Hove singularity (75, 80). We then show how high-field

measurements of the Hall coe�cient reveal a new signature of the pseudogap phase – a

rapid drop in the carrier density, at p?(Fig. 6c). These new properties alter profoundly our

view of the pseudogap phase, and of the strange metal just above it (sec. 6).

5.1. Density of states

5.1.1. Condensation energy. One way to access the DOS, NF, is via the superconduct-

ing condensation energy �E, since �E = NF�
2

0/4, where �0 is the d-wave gap maxi-

mum. Experimentally, and in the framework of BCS theory, �E can be measured using

the upper and lower critical fields, Hc2 and Hc1, to get the thermodynamic field Hc via

H
2

c = Hc1Hc2/(ln() + 0.5), given that �E = H
2

c /2µ0. In Fig. 2b, we plot �E/Tc
2 vs p

thus obtained for YBCO (17). We see that �E/Tc
2 / NF drops by a factor 8-9 between

p = 0.18 and p = 0.1, in agreement with the drop reported earlier from an analysis of spe-

cific heat data measured in low fields up to T > Tc in YBCO (71) and Bi2212 (72). Note

www.annualreviews.org • The remarkable underlying ground states of cuprate superconductors 9
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We use angle-dependent magnetoresistance (ADMR) to measure the Fermi surface of the cuprate La1.6−xNd0.4SrxCuO4. 
Above the critical doping p*—outside of the pseudogap phase—we find a Fermi surface that is in quantitative agreement 
with angle-resolved photoemission. Below p*, however, the ADMR is qualitatively different, revealing a clear change in 
Fermi surface topology. We find that our data is most consistent with a Fermi surface that has been reconstructed by a Q = 
(π,π) wavevector. While static Q = (π,π) antiferromagnetism is not found at these dopings, our results suggest that this 
wavevector is a fundamental organizing principle of the pseudogap phase. 
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FIG. 2. Fermi surface of Nd-LSCO at p = 0.24p = 0.24p = 0.24. (a) Left panels: The angle-dependent mag-

netoresistance of Nd-LSCO at p = 0.24 as a function of ✓ for four di↵erent temperatures, T = 25,

20, 12, 6 K, and at B = 45 T. The grey bar near ✓ = 90� for T = 6 K and 12 K indicates the

presence of superconductivity. Right panels: simulations obtained from the Chambers formula,

using the tight-binding parameters from ARPES measurements [12], and in which the relaxation

time ⌧(k) is the only free parameter. (b) The Fermi surface used for the calculation in panel (a),

shown as cuts at kz = 0, ⇡/c, and 2⇡/c, where c is the height of the body-centered-tetragonal unit

cell (and c/2 is the distance between copper oxide layers). (c) The full 3D Fermi surface obtained

from ADMR at p = 0.24. The coloring corresponds to the vz component of the Fermi velocity,

with positive vz in teal, negative vz in purple, and vz = 0 in magenta. A single cyclotron orbit,

perpendicular to the magnetic field, is drawn in black, with the Fermi velocity at di↵erent points

around the orbit shown as gray arrows. The strong variation in vz around the cyclotron orbits is

what leads to ADMR.

!c is the cyclotron frequency, m? is the cyclotron e↵ective mass, e is the electron charge, and

12

FIG. 4. Fermi surface reconstruction in Nd-LSCO at p = 0.21p = 0.21p = 0.21. The top three panels show the

Fermi surface for three di↵erent scenarios, and the bottom three panels show the resulting ADMR

simulations. (b) Calculated ADMR using the same tight-binding and scattering rate parameters

as in Figure 2a, but with the chemical potential shifted past the van Hove singularity (p ⇡ 0.23) to

p = 0.21, for which the Fermi surface is shown in panel (a). (d) Calculated ADMR for a period-3

CDW reconstructed Fermi surface; the section of reconstructed Fermi surface used to calculate the

ADMR is highlighted in orange in panel (c), the unreconstructed Fermi surface is shown with a

blue dashed line. These are the small nodal electron pockets believed to result from CDW order in

YBa2Cu3O6+x and are able to account for the ADMR in YBa2Cu3O6+x at p = 0.11. (f) Calculated

ADMR for reconstruction of the Fermi surface caused by a (⇡,⇡) order parameter, using the same

tight-binding parameters as Figure 2, a gap of 58 kelvin, and a constant scattering rate; (e) The

hole pockets used to simulate the ADMR in (f) are highlighted in orange.

weakest along � = 45�. The gap magnitude (the strength of the potential associated with

the FSR) that best reproduces the data is 58 kelvin — comparable to the onset temperature

T
? of the pseudogap phase at this doping [11, 29]. We find that a momentum-independent

p > pc Large Fermi surface
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Hidden�magnetism�at�the�pseudogap�critical�point�of�a�high�
temperature�superconductor�
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The�mysterious� pseudogap� phase� of� cuprate� superconductors� ends� at� a� critical�
hole�doping� level�p*�but�the�nature�of�the�ground�state�below�p*� is�still�debated.�
Here,� we� show� that� the� genuine� nature� of� the� magnetic� ground� state� in� La2Ǧ
xSrxCuO4�is�hidden�by�competing�effects�from�superconductivity:�applying�intense�
magnetic� fields� to�quench� superconductivity,�we�uncover� the�presence�of�glassy�
antiferromagnetic�order�up�to�the�pseudogap�boundary�p*�γ�0.19,�and�not�above.�
There� is� thus�a�quantum�phase� transition�at�p*,�which� is� likely� to�underlie�highǦ
field� observations� of� a� fundamental� change� in� electronic� properties� across� p*.�
Furthermore,�the�continuous�presence�of�quasiǦstatic�moments�from�the�insulator�
up�to�p*�suggests�that�the�physics�of�the�doped�Mott�insulator�is�relevant�through�
the� entire� pseudogap� regime� and� might� be� more� fundamentally� driving� the�
transition�at�p*�than�just�spin�or�charge�ordering.�
�
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Fig. 1. Quasi-static magnetism in the pseudogap state of La2-xSrxCuO4. Temperature – doping 
phase diagram representing Tmin, the temperature of the minimum in the sound velocity, at different 
fields. Since superconductivity precludes the observation of Tmin in zero-field, the dashed line (brown 
area) represents the extrapolated Tmin(B=0). While not exactly equal to the freezing temperature Tf (see 
Fig. 2), Tmin is closely tied to Tf and so is expected to have the same doping dependence, including a 
peak around p = 0.12 in zero/low fields (ref. 2). Onset temperatures of charge order are from ref. 33 
(squares) and 35 (hexagons). 
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Quasi-static magnetism in the pseudogap 
state of La2-xSrxCuO4. Temperature – 
doping phase diagram representing Tmin, the 
temperature of the minimum in the sound 
velocity, at different fields. Since 
superconductivity precludes the observation 
of Tmin in zero-field, the dashed line (brown 
area) represents the extrapolated Tmin(B=0). 
While not exactly equal to the freezing 
temperature Tf (see Fig. 2), Tmin is closely 
tied to Tf and so is expected to have the same 
doping dependence, including a peak around 
p = 0.12 in zero/low fields (ref. 2). Onset 
temperatures of charge order are from ref. 33 
(squares) and 35 (hexagons). 
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J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>

Physical layer

Hidden
layers{Ancilla  

qubits

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.

Jd

<latexit sha1_base64="aPyC8g+uDAoK7+YR2F8D5Z57REY="></latexit>

Yahui Zhang

density 
1+p

Metal-metal transitions in a one-band model 



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>

Physical layer

Hidden
layers{

Jd

<latexit sha1_base64="aPyC8g+uDAoK7+YR2F8D5Z57REY="></latexit>

FL

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.

Yahui Zhang

density 
1+p

Large Fermi surface of size 1 + p

|�i =
���Rung singlets of  , e 

E

⌦ |Slater determinant of Ci

<latexit sha1_base64="XpkXtZsbHfFwSKckufo8PO5BmlY="></latexit>

Metal-metal transitions in a one-band model 

{
Trivial 

insulator

Metal

{



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>
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The local action (2) still presents a strongly correlated
problem. SY [23] made further progress on the random
Heisenberg model by extending the spin symmetry to
SU(M) and taking the M ! 1 limit, which allows for
an analytical calculation of the spin-spin correlator of (2)
and reduces the self-consistent problem to a non-linear in-
tegral equation. This was extended to itinerant fermions
within the t-Jij model by Parcollet and Georges (PG)
[24], who obtained a FL regime of the doped model at
low-T , and a quantum critical regime associated with the
proximity of the spin-liquid Mott insulator characterized
by a

p
!,

p
T self-energy but, remarkably, ‘bad metal’ be-

haviour with linear resistivity. Recently, fermionic ver-
sions of the random coupling problem, the so-called SYK
models [36, 37], garnered much interest with again a solv-
able limit for a large number of flavors M ! 1. Recent
works [38–42] extended the mechanism of PG [24] for
linear-T resistivity to a lattice of SYK ‘quantum dots’
with hopping. Interestingly, when SYK dots are coupled
to another band of otherwise free and translationally in-
variant (uniform hopping) fermions, not only does the
T -linear resistivity extend down to zero temperature but
the mechanism switches to that driven by the MFL T -
linear scattering rate [43, 44].

For the physical limit of a single flavor of spin-1/2
fermions that is of our interest, the self-consistency equa-
tions above require computing two- and four-point cor-
relators in the local model with SU(2) symmetry. We
use an implementation [45] of Rubtsov’s continuous-
time interaction-expansion quantum Monte Carlo (CT-
INT) [46] algorithm which is based on the TRIQS li-
brary [47]. The algorithm works in imaginary time, so
we will discuss most of our results directly on the imag-
inary axis without analytic continuation, except in the
discussion of transport. Our implementation determines
the local spin-spin correlator from the impurity three-
point vertex function rather than through an operator
insertion measurement. This algorithmic improvement
allows for a drastic speed-up of the calculations [45].

Let us first consider the long time spin dynamics. In
Fig. 2, we display the local spin-spin correlation func-
tion Q(⌧) at a fixed low temperature T/t = 0.01, for
various t/U approaching the QCP at (t/U)c ⇡ 0.31
from the FL limit cutting the phase diagram Fig. 1
along the horizontal axis. In the inset, we also dis-
play how Q(⌧) varies upon raising temperatures for fixed
t/U = 0.357 making a vertical cut in the phase diagram
slightly away from the QCP. Since we work in the Mat-
subara formalism, a zero temperature long time asymp-
totic form Q(t) ⇠ 1/t↵ transforms into a scaling function
Q(⌧) ⇠ (1/� sin(⇡⌧/�))↵ and the data should be exam-
ined near ⌧ = �/2. Away from the critical point, for
t/U = 1.0, we obtain the FL behaviour at long time
Q(t) ⇠ 1/t2 (↵ = 2). The closer one gets to the critical
point, the longer it takes to reach this asymptotic regime,
reflecting the decrease of the FL coherence scale close to

FIG. 2. Main: Spin susceptibility log[Q(⌧)/Q(�/2)] vs ⌧/�
for J/t = 0.5 and T/t = 0.01, across several t/U . Grey curves
show (1/ sin⇡⌧/�)↵ with ↵ = 1 (solid) and ↵ = 2 (dashed).
Color scheme follows the blue (FL) and red (QSL) gradi-
ent of Fig. 1. Inset: Spin susceptibility log[Q(⌧)/Q(�/2)]
vs � log[sin(⇡⌧/�)], for J/t = 0.5 and t/U = 0.357, across
a range of T , demonstrating scaling behavior of Q(⌧) near
⌧ = �/2. Grey curves show ↵ = 1, 2 (solid, dashed).

the critical point. Once in the quantum critical regime,
for t/U = (t/U)c ⇡ 0.31, the long time spin dynamics
crosses over to Q(t) ⇠ 1/t (↵ = 1), which is the same
power law as in the SY M = 1 model. The QSL to
FL crossover is also visible in the temperature cut shown
in the inset, where we observe the crossover from 1/t
within the quantum critical fan above the Fermi liquid
coherence temperature to 1/t2 at low-temperatures. The
phase classification at each point in Fig. 1 follows the
above criterion to identify the FL regime and the QSL
regime.
These results establish that our SU(2) t-U -J model

has, in the quantum critical regime, the same QSL lo-
cal spin dynamics (↵ = 1) as the SY model in the
M = 1 limit. Renormalisation group (RG) methods
should prove useful in establishing analytically our nu-
merical findings for SU(2). For simplified versions of
the e↵ective action (2), e.g. involving only localized
spins [48], RG methods have indeed established [48–58],
that the Q(t) ⇠ 1/t spin liquid behaviour is the only one
consistent with the self-consistency condition (3). This
was recently extended to the QCP obtained by doping
the U = 1 model [59].
Let us now consider the one particle properties, en-

coded by the self-energy ⌃. In the FL regime for
(t/U)c ⌧ (t/U), the self-energy has the low energy
expansion[60] :

Im⌃(i!n, T ) ⇡

✓
1�

1

Z

◆
!n+

!2
n � (⇡T )2

E
+O(!3

n) (5)

In the small hopping limit (t/U) ⌧ (t/U)c, ⌃ diverges at
low frequencies as 1/!n, indicating a transition into an

4

FIG. 3. (a) Imaginary part of the self-energy at the first
Matsubara point �Im⌃(i!0 = i⇡T ) vs temperature T , for a
range of t/U . Solid grey lines stand for the FL prediction of
Im⌃(i!0) / T from the lowest temperature. Arrows indicate
the Fermi-liquid coherence temperature T ⇤ for each value of
t/U . The solution at t/U = 1.0 remains in the Fermi-liquid
regime over the entire range of temperature considered. (b)
Quasi-particle residue Z and coherence scale E as obtained
by fitting (5) to the self-energy data, ordering criterion for
the SG phase 1 � J�, and the energy scale determined from
scaling plot (!⇤)2, vs t/U . Inset : logE vs logZ2 illustrating
a dependency E / Z2 close to the QCP. Grey line with slope
1 is plotted to guide the eye.

insulating phase (see Supporting Information C). We ex-
amine the crossover from the FL to the quantum critical
regime in several ways. First, a direct consequence of (5)
is that the self-energy at the first Matsubara frequency
is linear in temperature with vanishing quadratic correc-
tions [61]: Im⌃(i!0 = i⇡T ) = (1 � 1/Z)⇡T + O(T 3).
Deviation from linearity in T at a temperature T ⇤ sig-
nals the FL coherence scale, and hence the crossover to
the quantum critical regime. This is illustrated on Fig.
3a : when t/U approaches (t/U)c, the self-energy in-
creases and T ⇤ (indicated by arrows on the figure) de-
creases. More precisely, we extract the quasi-particle
residue Z and the coherence scale E by fitting the func-
tional form (5) to the low-energy data using weighted
least squares. Fig. 3b shows that Z and E vanishes at the
QCP. The susceptibility to SG order is given by [34, 35]

FIG. 4. (a) Imaginary part of self-energy with the scat-
tering rate subtracted � (Im⌃(i!n)� Im⌃(0)) vs the scaled
frequency !/!⇤ for various values of U near the QCP at
T/t = 0.01, demonstrating the collapse onto the universal
scaling function f(!/!⇤) (grey solid curve). Color scheme
follows the legend of (b). Inset: Imaginary part of self-energy
�Im⌃(i!n) vs Matsubara frequencies !n at the QCP t/U =
0.312 and lowest accessible temperature T/t = 0.01. Also
shown are low-frequency fits of self-energy to the MFL form
c+ a!n log!n/b (orange) and the SYK form c+ a

p
!n + b!n

(green). (b) Scattering rate �Im⌃(0) vs temperature T/t at
various values of t/U near the QCP. At the QCP (t/U =
0.312, green), the scattering rate is T -linear (linear fit in
grey), in contrast to the quadratic behavior in the FL regime
(blue). (c) Resistivity ⇢DC/⇢0 vs temperature T/t at the
QCP, computed with the analytically continued Green’s func-
tion. The unit of resistivity is the MIR value ⇢0 = ~/e2�(0),
where � is the transport function. (d) Imaginary part of
self-energy at fixed, interpolated values of Matsubara fre-
quency �Im⌃(i! = fixed, T ) vs temperature T/t at the QCP
t/U = 0.312, for various fixed values of frequency.

�sg / �2/(1 � J2�2) with � the local susceptibility. As
shown in Fig. 3, we find that 1 � J� also vanishes close
to the QCP, indicating the boundary of the SG phase.
Within our numerical accuracy, we cannot however ex-
clude that 1�J� vanishes at a slightly larger value of t/U
than E, possibly indicating a small intervening region of
metallic SG [59].
In order to analyse the quantum critical point, we at-

tempt to scale the self-energy for t/U close to (t/U)c, for
our lowest temperature T/t = 0.01, with an ansatz of the
form

Im⌃(i!n) ⇡ Im⌃(0) + f
⇣!n

!⇤

⌘
(6)

which applies for !n and !⇤ smaller than the high-energy
cuto↵ J , but !n/!⇤ otherwise arbitrary. We determine
numerically Im⌃(0), !⇤ and the scaling function f by
requesting that optimal data collapse is obtained, using
a minimisation procedure. We obtain a remarkable col-
lapse of the data, presented in Fig. 4a, with !⇤ presented
in Fig. 3b.
For ! < !⇤, the ansatz (6) has to reproduce (5), which

Resisitivity ⇢ ⇠ T to the lowest T
at the critical point

in a large-dimension model
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We consider the hole-doped case, with no double occupancy. Each
site has 3 states which we map to the ‘superspin’ space of a boson
b (the holon) and a fermion f↵ (the spinon):
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U(1) gauge invariance, b ! be
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The physical electron (c↵) and spin (~S) operators are rotations in
this SU(1|2) superspin space.
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We assume a power-law decay
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Ignore the self-consistency condition for now. We decouple
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1 . . . 3) bath. Then the problem reduces to the Hamiltonian
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where ⇡a is canonically conjugate to the field �a, and
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RG flow
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• Because of the quantized Berry phase (Wess-Zumino-Witten) term,
the renormalization of the coupling � is given only by the wavefunc-
tion renormalization. We can then prove that at this fixed point
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We consider the hole-doped case, with no double occupancy. Each
site has 3 states which we map to the ‘superspin’ space of a boson
b (the holon) and a fermion f↵ (the spinon):
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The physical electron (c↵) and spin (~S) operators are rotations in
this SU(1|2) superspin space.
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Path integral over a superspin P(⌧) with a
self-consistent self-interaction Q(⌧)
and a ‘Zeeman superfield’ s0.
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Random t-J model (metal):RG
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• The RG analysis is very similar to that for the J model, except that the
SU(2) spin is replaced by a SU(1|2) ⇠= SU(2|1) superspin.

• One crucial di↵erence is that there is now a ‘Zeeman’ field s0 in superspin
space which breaks the degeneracy between spinon and holon states. This
becomes the single relevant perturbation at a critical fixed point where
s0 = 0 at leading order i.e. the 3 states on each site are nearly degenerate
at the critical point.

• The Wess-Zumino-Witten term in superspace now ensures the exact ex-
ponents at the fixed point

D
~S(⌧) · ~S(0)

E
⇠ 1

|⌧ | ,
⌦
c↵(⌧)c

†
↵(0)

↵
⇠ 1

⌧
.

• These exponents do not have a quasiparticle interpretation. However,
they can be understood (in a large M limit of a model with SU(M)
symmetry) by fractionalization of the electron into a spinon and holon,
each of which decay as 1/

p
⌧ .
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Random t-J model (metal):RG

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdev, PRX 10, 021033 (2020)

• The RG analysis is very similar to that for the J model, except that the
SU(2) spin is replaced by a SU(1|2) ⇠= SU(2|1) superspin.

• One crucial di↵erence is that there is now a ‘Zeeman’ field s0 in superspin
space which breaks the degeneracy between spinon and holon states. This
becomes the single relevant perturbation at a critical fixed point where
s0 = 0 at leading order i.e. the 3 states on each site are nearly degenerate
at the critical point.

• The Wess-Zumino-Witten term in superspace now ensures the exact ex-
ponents at the fixed point

D
~S(⌧) · ~S(0)

E
⇠ 1

|⌧ | ,
⌦
c↵(⌧)c

†
↵(0)

↵
⇠ 1

⌧
.

• These exponents do not have a quasiparticle interpretation. However,
they can be understood (in a large M limit of a model with SU(M)
symmetry) by fractionalization of the electron into a spinon and holon,
each of which decay as 1/

p
⌧ .
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t-J phase diagram: RG using either SU(2|1) or SU(1|2)
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t-J phase diagram: RG using either SU(2|1) or SU(1|2)

<latexit sha1_base64="Q1k6uqBEWmQopZPb5t3aZHSc8qY="></latexit>

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdev, PRX 10, 021033 (2020)

pc
<latexit sha1_base64="a+lxdf3DN5Lw70bbZtTopOsRRNc=">AAAB93icdZDLSsNAFIYnXmu9VV26GWwFFxKSpqm6K7pxWcG0hTaUyWTSDp1cmJkUQugzuNWVO3Hr47jwXZymFVT0wMDH/5/DOfN7CaNCGsa7trK6tr6xWdoqb+/s7u1XDg47Ik45Jg6OWcx7HhKE0Yg4kkpGegknKPQY6XqTm7nfnRIuaBzdyywhbohGEQ0oRlJJTi0Z4tqwUjV0w25YjQZUYDWtK0OBbdfNpglN3SiqCpbVHlY+Bn6M05BEEjMkRN80EunmiEuKGZmVB6kgCcITNCJ9hREKiTj3pzQRBbp5cfcMnirTh0HM1YskLNTvwzkKhchCT3WGSI7Fb28u/uX1UxlcujmNklSSCC8WBSmDMobzEKBPOcGSZQoQ5lSdDfEYcYSliqqs8vj6NPwfOnXdtHT7rl5tXS+TKYFjcALOgAkuQAvcgjZwAAYUPIBH8KRl2rP2or0uWle05cwR+FHa2yc6qpMQ</latexit>

RG flow



p
<latexit sha1_base64="J39LxafBIRl4FwURhR1mChfo8es=">AAAB9XicdZDLSsNAFIYnXmu9VV26GWwFFxKSpqm6K7pxWdFeoA1lMp20QyfJMDOplNBHcKsrd+LW53HhuzhNK6jogYGP/z+Hc+b3OaNSWda7sbS8srq2ntvIb25t7+wW9vabMk4EJg0cs1i0fSQJoxFpKKoYaXNBUOgz0vJHVzO/NSZC0ji6UxNOvBANIhpQjJSWbku81CsULdNyK06lAjU4VefC0uC6ZbtqQ9u0siqCRdV7hY9uP8ZJSCKFGZKyY1tceSkSimJGpvluIglHeIQGpKMxQiGRp/0x5TJDL82unsJjbfZhEAv9IgUz9ftwikIpJ6GvO0OkhvK3NxP/8jqJCs69lEY8USTC80VBwqCK4SwC2KeCYMUmGhAWVJ8N8RAJhJUOKq/z+Po0/B+aZdN2TPemXKxdLpLJgUNwBE6ADc5ADVyDOmgADAbgATyCJ+PeeDZejNd565KxmDkAP8p4+wS//ZI6</latexit>

D
~Si(⌧) · ~Si(0)

E
⇠ 1

|⌧ |
<latexit sha1_base64="7KrA2N97XDG7HfPRlLOn9CmRTko="></latexit>

Deconfined
quantum
critical

point/phase

<latexit sha1_base64="TpiVksIxi5BKWl2v7j173CmJFjQ="></latexit>

D
ci↵(⌧)c

†
i↵(0)

E
⇠ 1

⌧

<latexit sha1_base64="3KZlPym3OqawZyoDI7+7XpriaQ4="></latexit>

Zeroth order, pc = 1/3

<latexit sha1_base64="lApR30xv4oeSiJdz+dPSRdZJUds=">AAACHXicdZDPahsxEMa1+V+3SZz0FHoRdQo5lM2uvbbbQyGklx4TiGMT2xitdmwLa6VFmk1qFtNH6anX9ClyK72WPkTfIbLjQluaDwQf38wwo1+cSWExCH56K6tr6xubW09KT59t7+yW9/Yvrc4NhxbXUptOzCxIoaCFAiV0MgMsjSW048n7eb19DcYKrS5wmkE/ZSMlhoIzdNGgfHAFRuOYapOAeU0PswGn72h4XDsclCuBX3 8bNcKABn5QbdQb4dxEzVqzTkM/WKhCljoblH/1Es3zFBRyyazthkGG/YIZFFzCrNTLLWSMT9gIus4qloLtF4svzOgrlyR0qI17Cuki/XOiYKm10zR2nSnDsf23Ng//V+vmOHzTL4TKcgTFHxYNc0lR0zkPmggDHOXUGcaNcLdSPmaGcXTUSj0LDqka4bjoIXzEG5G4PUUk1Mzx+Q2BPm4uq34Y+dF5tXJyuiS1RV6Ql+SIhKRJTsgHckZahJNP5Au5JV+9z96d9837/tC64i1nnpO/5P24B7pIoYc=</latexit>

t-J phase diagram: RG using either SU(2|1) or SU(1|2)

<latexit sha1_base64="Q1k6uqBEWmQopZPb5t3aZHSc8qY="></latexit>

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdev, PRX 10, 021033 (2020)

pc
<latexit sha1_base64="a+lxdf3DN5Lw70bbZtTopOsRRNc=">AAAB93icdZDLSsNAFIYnXmu9VV26GWwFFxKSpqm6K7pxWcG0hTaUyWTSDp1cmJkUQugzuNWVO3Hr47jwXZymFVT0wMDH/5/DOfN7CaNCGsa7trK6tr6xWdoqb+/s7u1XDg47Ik45Jg6OWcx7HhKE0Yg4kkpGegknKPQY6XqTm7nfnRIuaBzdyywhbohGEQ0oRlJJTi0Z4tqwUjV0w25YjQZUYDWtK0OBbdfNpglN3SiqCpbVHlY+Bn6M05BEEjMkRN80EunmiEuKGZmVB6kgCcITNCJ9hREKiTj3pzQRBbp5cfcMnirTh0HM1YskLNTvwzkKhchCT3WGSI7Fb28u/uX1UxlcujmNklSSCC8WBSmDMobzEKBPOcGSZQoQ5lSdDfEYcYSliqqs8vj6NPwfOnXdtHT7rl5tXS+TKYFjcALOgAkuQAvcgjZwAAYUPIBH8KRl2rP2or0uWle05cwR+FHa2yc6qpMQ</latexit>

RG flow



p
<latexit sha1_base64="J39LxafBIRl4FwURhR1mChfo8es=">AAAB9XicdZDLSsNAFIYnXmu9VV26GWwFFxKSpqm6K7pxWdFeoA1lMp20QyfJMDOplNBHcKsrd+LW53HhuzhNK6jogYGP/z+Hc+b3OaNSWda7sbS8srq2ntvIb25t7+wW9vabMk4EJg0cs1i0fSQJoxFpKKoYaXNBUOgz0vJHVzO/NSZC0ji6UxNOvBANIhpQjJSWbku81CsULdNyK06lAjU4VefC0uC6ZbtqQ9u0siqCRdV7hY9uP8ZJSCKFGZKyY1tceSkSimJGpvluIglHeIQGpKMxQiGRp/0x5TJDL82unsJjbfZhEAv9IgUz9ftwikIpJ6GvO0OkhvK3NxP/8jqJCs69lEY8USTC80VBwqCK4SwC2KeCYMUmGhAWVJ8N8RAJhJUOKq/z+Po0/B+aZdN2TPemXKxdLpLJgUNwBE6ADc5ADVyDOmgADAbgATyCJ+PeeDZejNd565KxmDkAP8p4+wS//ZI6</latexit>

D
~Si(⌧) · ~Si(0)

E
⇠ 1

|⌧ |
<latexit sha1_base64="7KrA2N97XDG7HfPRlLOn9CmRTko="></latexit>

Deconfined
quantum
critical

point/phase

<latexit sha1_base64="TpiVksIxi5BKWl2v7j173CmJFjQ="></latexit>

D
ci↵(⌧)c

†
i↵(0)

E
⇠ 1

⌧

<latexit sha1_base64="3KZlPym3OqawZyoDI7+7XpriaQ4="></latexit>

Disordered
Fermi liquid.

Condense holon b,
f↵ carrier density 1 + p

<latexit sha1_base64="5aLWmLRLYLdIhssaRLfs5y6HB+k="></latexit>

SU(1|2) theory
<latexit sha1_base64="Lomd+aWe+buASEBCeb0kWxtJh8A=">AAAB+XicdVDLSgMxFM3UV62vUZdugq1QN0Nmah/LohuXFZ220A4lk6ZtaOZBkimUsX/ixoUibv0Td/6N6UNQ0QMXDufcy733+DFnUiH0YWTW1jc2t7LbuZ3dvf0D8/CoKaNEEOqSiEei7WNJOQupq5jitB0LigOf05Y/vpr7rQkVkkXhnZrG1AvwMGQDRrDSUs80b91iwb53CudQjWgkpj0zjyy7VildVCCyyjZC1ZImjoNqdhXaFlogD1Zo9Mz3bj8iSUBDRTiWsmOjWHkpFooRTme5biJpjMkYD2lH0xAHVHrp4vIZPNNKHw4ioStUcKF+n0hxIOU08HVngNVI/vbm4l9eJ1GDmpeyME4UDcly0SDhUEVwHgPsM0GJ4lNNMBFM3wrJCAtMlA4rp0P4+hT+T5qOZZes8o2Tr1+u4siCE3AKisAGVVAH16ABXEDABDyAJ/BspMaj8WK8LlszxmrmGPyA8fYJrKOSaw==</latexit>

f†
# |vi

<latexit sha1_base64="OQY0Crb3vVk3Q0FhD7GrMW4ZeDc="></latexit>

f†
" |vi

<latexit sha1_base64="rS5uiKvPY9Y9AOLENzHyw9ZXJ28="></latexit>

b† |vi
<latexit sha1_base64="rwqIoMCLSOObWpFSRoBlhpC2ASY="></latexit>

D
~Si(⌧) · ~Si(0)

E
⇠ 1

⌧2
<latexit sha1_base64="bkROV0MGV0xXH3QtvACzOhPjNzg="></latexit> D
ci↵(⌧)c

†
i↵(0)

E
⇠ 1

⌧

<latexit sha1_base64="3KZlPym3OqawZyoDI7+7XpriaQ4="></latexit>

Zeroth order, pc = 1/3

<latexit sha1_base64="lApR30xv4oeSiJdz+dPSRdZJUds=">AAACHXicdZDPahsxEMa1+V+3SZz0FHoRdQo5lM2uvbbbQyGklx4TiGMT2xitdmwLa6VFmk1qFtNH6anX9ClyK72WPkTfIbLjQluaDwQf38wwo1+cSWExCH56K6tr6xubW09KT59t7+yW9/Yvrc4NhxbXUptOzCxIoaCFAiV0MgMsjSW048n7eb19DcYKrS5wmkE/ZSMlhoIzdNGgfHAFRuOYapOAeU0PswGn72h4XDsclCuBX3 8bNcKABn5QbdQb4dxEzVqzTkM/WKhCljoblH/1Es3zFBRyyazthkGG/YIZFFzCrNTLLWSMT9gIus4qloLtF4svzOgrlyR0qI17Cuki/XOiYKm10zR2nSnDsf23Ng//V+vmOHzTL4TKcgTFHxYNc0lR0zkPmggDHOXUGcaNcLdSPmaGcXTUSj0LDqka4bjoIXzEG5G4PUUk1Mzx+Q2BPm4uq34Y+dF5tXJyuiS1RV6Ql+SIhKRJTsgHckZahJNP5Au5JV+9z96d9837/tC64i1nnpO/5P24B7pIoYc=</latexit>

t-J phase diagram: RG using either SU(2|1) or SU(1|2)

<latexit sha1_base64="Q1k6uqBEWmQopZPb5t3aZHSc8qY="></latexit>

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdev, PRX 10, 021033 (2020)

pc
<latexit sha1_base64="a+lxdf3DN5Lw70bbZtTopOsRRNc=">AAAB93icdZDLSsNAFIYnXmu9VV26GWwFFxKSpqm6K7pxWcG0hTaUyWTSDp1cmJkUQugzuNWVO3Hr47jwXZymFVT0wMDH/5/DOfN7CaNCGsa7trK6tr6xWdoqb+/s7u1XDg47Ik45Jg6OWcx7HhKE0Yg4kkpGegknKPQY6XqTm7nfnRIuaBzdyywhbohGEQ0oRlJJTi0Z4tqwUjV0w25YjQZUYDWtK0OBbdfNpglN3SiqCpbVHlY+Bn6M05BEEjMkRN80EunmiEuKGZmVB6kgCcITNCJ9hREKiTj3pzQRBbp5cfcMnirTh0HM1YskLNTvwzkKhchCT3WGSI7Fb28u/uX1UxlcujmNklSSCC8WBSmDMobzEKBPOcGSZQoQ5lSdDfEYcYSliqqs8vj6NPwfOnXdtHT7rl5tXS+TKYFjcALOgAkuQAvcgjZwAAYUPIBH8KRl2rP2or0uWle05cwR+FHa2yc6qpMQ</latexit>

RG flow



p
<latexit sha1_base64="J39LxafBIRl4FwURhR1mChfo8es=">AAAB9XicdZDLSsNAFIYnXmu9VV26GWwFFxKSpqm6K7pxWdFeoA1lMp20QyfJMDOplNBHcKsrd+LW53HhuzhNK6jogYGP/z+Hc+b3OaNSWda7sbS8srq2ntvIb25t7+wW9vabMk4EJg0cs1i0fSQJoxFpKKoYaXNBUOgz0vJHVzO/NSZC0ji6UxNOvBANIhpQjJSWbku81CsULdNyK06lAjU4VefC0uC6ZbtqQ9u0siqCRdV7hY9uP8ZJSCKFGZKyY1tceSkSimJGpvluIglHeIQGpKMxQiGRp/0x5TJDL82unsJjbfZhEAv9IgUz9ftwikIpJ6GvO0OkhvK3NxP/8jqJCs69lEY8USTC80VBwqCK4SwC2KeCYMUmGhAWVJ8N8RAJhJUOKq/z+Po0/B+aZdN2TPemXKxdLpLJgUNwBE6ADc5ADVyDOmgADAbgATyCJ+PeeDZejNd565KxmDkAP8p4+wS//ZI6</latexit>

D
~Si(⌧) · ~Si(0)

E
⇠ 1

|⌧ |
<latexit sha1_base64="7KrA2N97XDG7HfPRlLOn9CmRTko="></latexit>

Deconfined
quantum
critical

point/phase

<latexit sha1_base64="TpiVksIxi5BKWl2v7j173CmJFjQ="></latexit>

D
ci↵(⌧)c

†
i↵(0)

E
⇠ 1

⌧

<latexit sha1_base64="3KZlPym3OqawZyoDI7+7XpriaQ4="></latexit>

Disordered
Fermi liquid.

Condense holon b,
f↵ carrier density 1 + p

<latexit sha1_base64="5aLWmLRLYLdIhssaRLfs5y6HB+k="></latexit>

SU(1|2) theory
<latexit sha1_base64="Lomd+aWe+buASEBCeb0kWxtJh8A=">AAAB+XicdVDLSgMxFM3UV62vUZdugq1QN0Nmah/LohuXFZ220A4lk6ZtaOZBkimUsX/ixoUibv0Td/6N6UNQ0QMXDufcy733+DFnUiH0YWTW1jc2t7LbuZ3dvf0D8/CoKaNEEOqSiEei7WNJOQupq5jitB0LigOf05Y/vpr7rQkVkkXhnZrG1AvwMGQDRrDSUs80b91iwb53CudQjWgkpj0zjyy7VildVCCyyjZC1ZImjoNqdhXaFlogD1Zo9Mz3bj8iSUBDRTiWsmOjWHkpFooRTme5biJpjMkYD2lH0xAHVHrp4vIZPNNKHw4ioStUcKF+n0hxIOU08HVngNVI/vbm4l9eJ1GDmpeyME4UDcly0SDhUEVwHgPsM0GJ4lNNMBFM3wrJCAtMlA4rp0P4+hT+T5qOZZes8o2Tr1+u4siCE3AKisAGVVAH16ABXEDABDyAJ/BspMaj8WK8LlszxmrmGPyA8fYJrKOSaw==</latexit>

f†
# |vi

<latexit sha1_base64="OQY0Crb3vVk3Q0FhD7GrMW4ZeDc="></latexit>

f†
" |vi

<latexit sha1_base64="rS5uiKvPY9Y9AOLENzHyw9ZXJ28="></latexit>

b† |vi
<latexit sha1_base64="rwqIoMCLSOObWpFSRoBlhpC2ASY="></latexit>

D
~Si(⌧) · ~Si(0)

E
⇠ 1

⌧2
<latexit sha1_base64="bkROV0MGV0xXH3QtvACzOhPjNzg="></latexit> D
ci↵(⌧)c

†
i↵(0)

E
⇠ 1

⌧

<latexit sha1_base64="3KZlPym3OqawZyoDI7+7XpriaQ4="></latexit>

SU(2|1) theory
<latexit sha1_base64="w9dUb6nQ8Lr+9a1+t+J8DfkPyNE=">AAAB+XicdVDLSgMxFM3UV62vUZdugq1QN0Nmah/LohuXFZ220A4lk6ZtaOZBkimUsX/ixoUibv0Td/6N6UNQ0QMXDufcy733+DFnUiH0YWTW1jc2t7LbuZ3dvf0D8/CoKaNEEOqSiEei7WNJOQupq5jitB0LigOf05Y/vpr7rQkVkkXhnZrG1AvwMGQDRrDSUs80b91iwbm3C+dQjWgkpj0zjyy7VildVCCyyjZC1ZImjoNqdhXaFlogD1Zo9Mz3bj8iSUBDRTiWsmOjWHkpFooRTme5biJpjMkYD2lH0xAHVHrp4vIZPNNKHw4ioStUcKF+n0hxIOU08HVngNVI/vbm4l9eJ1GDmpeyME4UDcly0SDhUEVwHgPsM0GJ4lNNMBFM3wrJCAtMlA4rp0P4+hT+T5qOZZes8o2Tr1+u4siCE3AKisAGVVAH16ABXEDABDyAJ/BspMaj8WK8LlszxmrmGPyA8fYJrKWSaw==</latexit>

Metallic
spin glass.

Condense spinon b↵,
f carrier density p

<latexit sha1_base64="CzT5Z39Mpv1MjBFqjUkD8N1K258=">AAACdHicdVFdi9QwFE3r11pXd1T0RR+C0wUfltLOx6pvi/vii7CCs7swGYY0vZ0JkyYhSReGUvBv+uCrP8Fn0+4srKIXAodz7uHee5Jrwa1L0+9BeOfuvfsP9h5Gj/YfPzkYPH12blVtGMyYEspc5tSC4BJmjjsBl9oArXIBF/nmtNMvrsBYruRXt9WwqOhK8pIz6jy1HHwjOay4bBhIB6aNPoOjQnBGCLaaS7wS1NqEkOhUyQ KkhZ5WEsekom5dGrpp8nZJqNBrGh/5xltC2caYUWM4GNyZudviWMcRAVncTFwOhmmSTifjyQR7MD4ef0g9mE5H2XGGsyTta4h2dbYc/CCFYnXl7axbbp6l2i0aahxnAtqI1BY0ZRu6grmHklZgj4orrm0PF00fWosPvVjgUhn/pMM9e9vc0MrabZX7zu4g+7fWkf/S5rUr3y8aLnXtQLLrQWUtsFO4+wFccAPMia0HlBnu18ZsTQ1lPg4b+Txujsb/B+ejJBsn0y+j4cnHXTJ76BV6g96iDL1DJ+gTOkMzxNDPYD94EbwMfoWvw2F4eN0aBjvPc/RHhclv4gy+zg==</latexit>

b†" |vi
<latexit sha1_base64="vECycCTteykywPj6SCPCLAB1c/I="></latexit>

b†# |vi
<latexit sha1_base64="z0Nnq6dMeHIMTMZku14Z0J1WJJU="></latexit>

f† |vi
<latexit sha1_base64="lXgTRA1NHcDDRUeZon/rkMtKMn4=">AAACH3icdVDLattAFB2lzaPOy2mX3QwxhUCCkfxI2l1oN12mECcByzFXoyt58GgkZq4MRvVH9BP6Fd22q+5Ctln0Xzp2HGhCemDgcM693DknKpS05Pt33sqLl6tr6xuvaptb2zu79b3XFzYvjcCeyFVuriKwqKTGHklSeFUYhCxSeBmNP839ywkaK3N9TtMCBxmkWiZSADlpWD8MM6BRYmBcJbPrMIY0RcNDhQl95RMeGpmOKDSgU4XDesNv+t1Ou9PhjrSP2x98R7rdVnAc8KDpL9BgS5wN6 3/COBdlhpqEAmv7gV/QoAJDUiic1cLSYgFiDCn2HdWQoT2KJ7KwCzqoFvlm/J0zY57kxj1NfKH+u1xBZu00i9zkPI196s3F57x+Scn7QSV1URJqcX8oKRWnnM/L4rE0KEhNHQFhpPs2FyMwIMhVWnN9PITm/ycXrWbQbna/dBqnH5fNbLC3bJ8dsICdsFP2mZ2xHhPsG/vBfrJf3nfvt3fj3d6PrnjLnTfsEby7v4oupBk=</latexit>

D
~Si(⌧) · ~Si(0)

E
⇠ constant

<latexit sha1_base64="lFrXq6gLenglNlCIX8col3BX5RQ="></latexit>

D
ci↵(⌧)c

†
i↵(0)

E
⇠ 1

⌧

<latexit sha1_base64="3KZlPym3OqawZyoDI7+7XpriaQ4="></latexit>

pc
<latexit sha1_base64="a+lxdf3DN5Lw70bbZtTopOsRRNc=">AAAB93icdZDLSsNAFIYnXmu9VV26GWwFFxKSpqm6K7pxWcG0hTaUyWTSDp1cmJkUQugzuNWVO3Hr47jwXZymFVT0wMDH/5/DOfN7CaNCGsa7trK6tr6xWdoqb+/s7u1XDg47Ik45Jg6OWcx7HhKE0Yg4kkpGegknKPQY6XqTm7nfnRIuaBzdyywhbohGEQ0oRlJJTi0Z4tqwUjV0w25YjQZUYDWtK0OBbdfNpglN3SiqCpbVHlY+Bn6M05BEEjMkRN80EunmiEuKGZmVB6kgCcITNCJ9hREKiTj3pzQRBbp5cfcMnirTh0HM1YskLNTvwzkKhchCT3WGSI7Fb28u/uX1UxlcujmNklSSCC8WBSmDMobzEKBPOcGSZQoQ5lSdDfEYcYSliqqs8vj6NPwfOnXdtHT7rl5tXS+TKYFjcALOgAkuQAvcgjZwAAYUPIBH8KRl2rP2or0uWle05cwR+FHa2yc6qpMQ</latexit>

t-J phase diagram: RG using either SU(2|1) or SU(1|2)

<latexit sha1_base64="Q1k6uqBEWmQopZPb5t3aZHSc8qY="></latexit>

D. Joshi, Chenyuan Li, G. Tarnopolsky, A. Georges, S. Sachdev, PRX 10, 021033 (2020)

RG flow



0
<latexit sha1_base64="U3GWfBTUSXi2BM3/JnZUCxHruZI=">AAAB83icdZDLSgMxFIYz9VbrrerSTbAILmTIdKZVd0U3LluwF2iHkslk2tDMhSRTKEOfwK2u3IlbH8iF72I6raCiBwIf/38O5+T3Es6kQujdKKytb2xuFbdLO7t7+wflw6OOjFNBaJvEPBY9D0vKWUTbiilOe4mgOPQ47XqT24XfnVIhWRzdq1lC3RCPIhYwgpWWWmhYriAT1RzbcaAGu25fIw21WtWqW9AyUV4VsKrmsPwx8GOShjRShGMp+xZKlJthoRjhdF4apJImmEzwiPY1Rjik8sKfskTm6Gb5zXN4pk0fBrHQL1IwV78PZziUchZ6ujPEaix/ewvxL6+fquDKzViUpIpGZLkoSDlUMVwEAH0mKFF8pgETwfTZkIyxwETpmEo6j69Pw/+hUzUt26y2nErjZpVMEZyAU3AOLHAJGuAONEEbEEDBA3gET0ZqPBsvxuuytWCsZo7BjzLePgGhCJGd</latexit>
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Random t-J-UH model
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SYK criticality
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Disordered
Fermi liquid



At the critical point/phase of the t-J model, the Fermi

liquid-like behavior of the electron Green’s function

D
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†
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E
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⌧

leads to a non-zero residual resitivity, ⇢(0) 6= 0.

However, the critical state is not a Fermi liquid, as

indicated by the slow decay of the spin correlations

D
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E
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Moreover, in a Fermi liquid, we expect ⇢(T )� ⇢(0) ⇠ T 2
,

which also does not hold here.
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Time reparameterization soft mode

An important correction to the SL(2,R) invariant critical
Green’s function arises from the time reparameterization

soft mode, and this takes the form
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where �non�conformal(T ⌧) is a computable (in the large M
limit) scaling function, and ↵G is universally proportional
to the co-e�cient ↵S of the Schwarizan action for the

time reparameterization mode.

Computing the resistivity from this Green’s function via
the Kubo formula, we find

⇢(T ) = ⇢(0)
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Time reparameterization soft mode

The dominant corrections to the SL(2,R) invariant
critical Green’s function can arise from the time

reparameterization soft mode, and these take the form
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• The t-J model with random and all-to-all
hopping and exchange displays a phase dia-
gram which captures many of the key char-
acteristics of the cuprate phase diagram.

• It has an optimal doping metal-metal decon-
fined transition with SYK criticality.
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• Critical electron Green’s function Gc(⌧) ⇠
1/⌧ and local spin correlator Q(⌧) ⇠ 1/|⌧ |.

• Can be interpreted in terms of fractional-
ization with spinon and holon correlators ⇠
1/

p
⌧ (deconfined criticality).

• Linear-in-T resistivity down to T = 0 at the
critical point from the time reparameteriza-
tion soft mode (but there could be other sin-
gular modes).

• Carrier density p for p < pc, and 1 + p for
p > pc.
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(U(1)⇥ U(1))/Z2 gauge theory of a

ghost Fermi surface and a ‘hybridization-Higgs’ boson

which condenses on the ‘Small Fermi surface’ side.
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Metal-metal transitions in a one-band model 


