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Photoemission at large p

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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Yawen Fang, Gaël Grissonnanche, Anaëlle Legros, Simon Verret, Francis Laliberté, Clément Collignon, Amirreza Ataei, 
Maxime Dion, Jianshi Zhou, David Graf,  M. J. Lawler,  Paul Goddard, Louis Taillefer, and B. J. Ramshaw, arXiv:2004.01725
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
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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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Fermi surface transformation at the pseudogap critical point of a cuprate superconductor 
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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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Table 1  |  Slope of T-linear resistivity and Planckian limit in seven materials.

Material n 
(1027 m-3)

 m*
(m0)

A1 / d  
(! / K)

h / (2e2 TF)
(! / K)

⍺

Bi2212 p = 0.23 6.8 8.4 ± 1.6 8.0 ± 0.9 7.4 ± 1.4 1.1 ± 0.3

Bi2201 p ~ 0.4 3.5 7 ± 1.5 8 ± 2 8 ± 2 1.0 ± 0.4

LSCO p = 0.26 7.8 9.8 ± 1.7 8.2 ± 1.0 8.9 ± 1.8 0.9 ± 0.3

Nd-LSCO p = 0.24 7.9 12 ± 4 7.4 ± 0.8 10.6 ± 3.7 0.7 ± 0.4

PCCO x = 0.17 8.8 2.4 ± 0.1 1.7 ± 0.3 2.1 ± 0.1 0.8 ± 0.2

LCCO x = 0.15 9.0 3.0 ± 0.3 3.0 ± 0.45 2.6 ± 0.3 1.2 ± 0.3

TMTSF P = 11 kbar 1.4 1.15 ± 0.2 2.8 ± 0.3 2.8 ± 0.4 1.0 ± 0.3
 

 

Table 1 | Slope of T-linear resistivity vs Planckian limit in seven materials.  

Comparison of the measured slope of the T-linear resistivity in the T = 0 limit,  

A1 , with the value predicted by the Planckian limit (Eq. 1; penultimate column), 

for four hole-doped cuprates (Bi2212, Bi2201, LSCO and Nd-LSCO), two 

electron-doped cuprates (PCCO and LCCO) and the organic conductor 

(TMTSF)2PF6 , as discussed in the text (and Supplementary Information).     

The ratio α of the experimental value, A1
☐ = A1 / d, over the predicted value,       

is given in the last column. Although A1
☐ varies by a factor 5, the ratio m* / n  

(~1/TF) is seen to vary by the same amount, so that α = 1.0 in all cases,        

within error bars. 
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Senzier, N. Doiron-Leyraud, P. Fournier, D. Colson, L. Taillefer, and C. Proust, Nature Physics 15, 142 (2019)
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distance between the electrical contacts on the ADMR sample. By contrast, 1/⌧aniso is seen to

be temperature independent, showing that it comes entirely from elastic scattering o↵ defects and

impurities.
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as a dashed red line, and the anisotropic part, 1/⌧aniso in violet, is the di↵erence between the two.

(c) Temperature dependence of the two components of the scattering rate. A linear fit to 1/⌧iso

using 1/⌧ = A+↵kBT/~, yields ↵ = 1.4± 0.3, a value consistent with the Planckian limit (↵ ⇡ 1).

The error bar on ↵ accounts for the uncertainty in the fit as well as a ±10 % uncertainty in the

distance between the electrical contacts on the ADMR sample. By contrast, 1/⌧aniso is seen to

be temperature independent, showing that it comes entirely from elastic scattering o↵ defects and
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FIG. 2. dHvA oscillations in 0.09% Sn-substituted CeCoIn5 and comparison to DFT

calculations (a) DFT calculated Fermi surface sheets of CeCoIn5 with localized and delocal-

ized f -electron models. Predicted dHvA orbits for H k[001] are drawn in black and red. Red

orbits are unique to the delocalized f -electron model. (b) Characteristic Fourier spectrum of

dHvA oscillations (µ0H = 13 - 17 T) with the magnetic field 5o away from [001] of a crystal of

CeCo(In0.9991Sn0.0009)5. The inset shows raw oscillations after background subtraction. (c) Funda-

mental dHvA oscillation frequencies plotted as a function of angle tilting the magnetic field from

the crystallographic [001] to [100] directions. Black points are taken from dHvA measurements of

the 0.09% Sn-substituted sample with black lines as guides to the eye. Light green points are DFT
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Hertz-Millis theory of order parameter,

with Landau damping from excitations

of the large Fermi surface.
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Fermi surface of size p with shape
unrelated to magnetic order.

In the AF metal, the conventional
Luttinger theorem is obeyed.

In FL*, the conventional Luttinger
theorem is evaded by fractionalization

and emergent gauge fields T. Senthil, M. Vojta, and S. Sachdev, PRB 69, 035111 (2004)

<latexit sha1_base64="JZRG5xIOf977P8iMSs8rL31JUro="></latexit>

Deconfined criticality
with fractionalization

and emergent gauge fields

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172;  PRB 102, 155124 (2020) 



1. Experiments in cuprates and CeCoIn5

2. Deconfined criticality at metal-metal transitions


3. Dynamic mean field theory: 

      self-consistent single site theory

4. Numerical results on the Hubbard Model


5. RG results on the SY(K) random magnet

6. RG results on the Kondo model


7. RG results on the t-J Model



Sachdev-Ye-Kitaev Models and Beyond: A Window into Non-Fermi Liquids

Debanjan Chowdhury
⇤

Department of Physics,

Cornell University,

Ithaca NY-14853,

USA

Antoine Georges
†
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Dynamic mean field theory reduces everything to a self-consistent single-site problem.
This reduction is exact for the fully-connected random model with tij and Jij independent random
numbers with rms variance t and J .
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Numerical solution for Hubbard model

0.0 0.5 1.0 1.5 2.0 2.5
!

0.00

0.05

0.10

0.15

0.20

0.25

0.30

¬
00 (

!
)

0.00 0.05 0.10 0.15
1/N

0.005

0.010

0.015

0.020

q

Large-M

SU(2) SY Model H. Shackleton,  
A. Wietek,  
A. Georges, and 
S. Sachdev,  
PRL 126, 
136602 (2021)

<latexit sha1_base64="Ngw0hpod8WjXzgojCZ/CtkP1yUM="></latexit>

The peak at small ! indicates the presence of spin glass order.
The large M SYK theory predicts �00(!) ⇠ sgn(!) [1� c|!|+ . . .]
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Exact diagonalization
of random t-J model.

p = 0

 19Critical scaling : spin dynamics
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2

a spin glass phase is found below a critical temperature
Tc ⇡ 0.10J . When doping is present, Ref. [20] predicts
a disordered Fermi liquid phase for all non-zero values
of p in the large-M limit. However, it was recently ar-
gued [21, 22] that for the case of SU(2), the spin glass
phase should persist up to a critical finite value of doping,
pc, corresponding to a quantum critical point separat-
ing the spin glass phase from a disordered Fermi liquid.
Near criticality, the model is predicted to exhibit SYK-
like criticality with a non-zero extensive entropy and a
linear-in-temperature resistivity [23]. In a weak-coupling
renormalization group, this critical point emerges when
the three fractionalized excitations in the t-J model be-
come degenerate in energy, leading to a zeroth order pre-
diction of pc = 1/3.

Dynamical Spin Response at T = 0. We first present
results on the nature of the spin correlations at T = 0,
providing evidence that the spin glass phase shown to
exist at p = 0 is stable for small values of doping, up to a
critical value of doping near p = 1/3. Using the Lanczos
algorithm, we calculate the spectral function at T = 0,

�
00(!) =

1

3

X

↵

1

N

X

i

X

n

|h n| S
↵

i
| 0i|

2

⇥ [�(! � (En � E0)) � �(! + (En � E0))] ,

(2)

where numerically the delta functions are replaced by
Gaussians with a small variance. The signature of spin
glass order, limt!1

1
N

P
i
hSi(0)Si(t)i = q 6= 0, is re-

flected by a q�(!) contribution to the dynamical struc-
ture factor S(!), which is related to the spectral function
at T = 0 by �00(!) = S(!) � S(�!). For a finite system
size, the exact delta function in S(!) is replaced by a peak
at low frequency, whose width approaches 0 in the ther-
modynamic limit and whose total spectral weight gives
q. Therefore, the spin glass contribution to �00(!) for fi-
nite systems is given by a low frequency peak, and was
analyzed for this model at p = 0 in [8]. Above pc, a dis-
ordered Fermi liquid is expected to have a low-frequency
behavior of �00(!) ⇠ !.

The spectral function for the random t-J model, calcu-
lated using the Lanczos algorithm on an 18-site cluster, is
shown for several values of doping in Fig. 1. A prominent
hump at low-frequency for dopings p . 0.4 suggests the
presence of spin glass order in this range of doping. How-
ever, a large-N analysis of this hump must be performed
in order to verify that the hump asymptotes to a delta
function in the thermodynamic limit. To do this, we first
subtract o↵ a background contribution to account for the
rest of the spectral weight. Anticipating SYK behavior
near the critical point at low frequencies, we subtract a
spectral weight obtained by rescaling the solution of the
Schwinger-Dyson equations of the p = 0 model in the
large-M limit [9, 14] (we rescale J , while preserving total
spectral weight). This SYK spectral weight has a leading
term �

00(!) ⇠ sgn(!) as |!| ! 0 at T = 0 (which general-
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FIG. 1. The spectral function �00(!) of the random t � J
model, averaged over 100 disorder realizations on an 18-site
cluster. At low dopings, a sharp peak at low-frequency at
low doping is indicative of spin glass order. With increas-
ing doping, the magnitude of this peak is reduced, and the
low-frequency behavior closely resembles the rescaled spec-
tral function of the large M SYK theory [9, 14]. (Inset) After
an extrapolation to the thermodynamic limit, the integrated
weight of the low-frequency peak is non-zero, indicating spin
glass order. This weight vanishes near p ⇡ 0.4. Plotted is the
integrated weight for 8 6 N 6 18 (as a gradient from red to
blue), and the large-N extrapolation with error bars.

izes to tanh (!/2T ) at low T ). The next-to-leading SYK
term depends linearly in !, and arises from the boundary
graviton in the holographic dual [14]. It is important to
note that the exponents of these two leading SYK contri-
butions are universal and independent of M . Away from
the critical point and in the spin glass phase, we find
that the spectral function is described well by a combi-
nation of the SYK result and a low-frequency hump. A
large-N analysis of this low-frequency hump, described
in more detail in the supplementary material, confirms
that the variance of the hump vanishes in the thermody-
namic limit, whereas the spectral weight, shown in Fig. 1,
remains non-zero. Our analysis gives a large-N estimate
of q ⇠ 0.02 at p = 0. For larger values of doping, q

decreases from its value at p = 0, eventually vanishing
at some critical value of doping pc. By linearly extrap-
olating the large-N prediction for q to higher dopings,
we obtain an estimate of pc = 0.420 ± 0.007. Around
this range of dopings, the spectral function shows good
agreement with the large-M critical prediction given in
Fig. 1. At dopings well above p = 0.4, we find the spec-
tral function to be largely independent of system size. No
gap at low frequency is visible, and �

00(!) ⇠ ! behavior
consistent with Fermi liquid predictions is clear. We will
provide a more rigorous verification of the Fermi liquid
phase at higher dopings via Luttinger’s theorem later in
the paper.

Numerical solution for Hubbard model

H. Shackleton,  
A. Wietek,  
A. Georges, and 
S. Sachdev,  
PRL 126, 
136602 (2021)
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Spin glass order disappears above p ⇡ 1/3.
The large M SYK theory predicts �00(!) ⇠ sgn(!) [1� c|!|+ . . .]
and this fits well near criticality
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• Match conformal invariant form
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Exact diagonalization
of random t-J model.

p = 0
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Numerical solutions of DMFT equations 
P. T. Dumitrescu, N. Wentzell, A. Georges, O. Parcollet arXiv:2103.08607
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• Quasiparticle lifetime in the Fermi liquid

 25Single particle lifetime
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• Luttinger theorem : volume of Fermi surface independent of interaction

• Takes a simple form here, as Σ is local

 23Fermi surface reconstruction at the QCP
See also Otzuki, Vollhardt(2013)
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• J = 0.5t, U = 4t
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Dynamic mean-field theory of metal-metal transition in Hubbard model
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Numerical studies for SU(2) spin-1/2 show spin-glass order!
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Random J model (insulator)

S. Sachdev and J. Ye,  PRL 70, 3339 (1993)
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Fermionic spinons

S. Sachdev and J. Ye,  PRL 70, 3339 (1993)
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Random J model (insulator)

Bosonic spinons
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Random J model (insulator)

S. Sachdev and J. Ye,  PRL 70, 3339 (1993)
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S. Sachdev and J. Ye,  PRL 70, 3339 (1993)

Random J model (insulator)



Random J model:RG
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We assume a power-law decay
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Ignore the self-consistency condition for now. We decouple the ~S(⌧)·~S(0) interaction
by introducing a bosonic (�a, a = 1 . . . 3) bath. Then the problem reduces to the

‘Bose-Kondo’ Hamiltonian
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where ⇡a is canonically conjugate to the field �a, and �a(0) ⌘ �a(x = 0). We

identify Q(⌧) with temporal correlator of �a(0), and then we need ↵ = d� 1.
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Random J model:RG
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Dynamic mean-field theory of metal-metal transition in Kondo lattice model
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and finally impose the self-consistency conditions

R(⌧) = R(⌧) , Q(⌧) = Q(⌧).
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The electron forms a Fermi liquid
with small density p, and we need
only consider a single spin inter-
acting with fermionic and bosonic
baths (the Bose-Fermi Kondo model).
As in the random J model, the
self-consistency condition leads to
exponents that can be determined
to all orders
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The spin exponent can be under-
stood from a large M SU(M)
SY(K) theory with fractionalization.
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Each site has 3 states which we map to the ‘superspin’ space of a boson b (the holon) and a
fermion f↵ (the spinon):

Then we can map the problem to that of a ‘superspin’ interaction with a bosonic bath (with
coupling �), and a fermionic bath (with coupling g). There is also a ‘Zeeman’ field s0(f†

↵f↵�b
†
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which splits the degeneracy between the holon and spinon states. Note s0 = 0 for p = 1/3.
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“Bose-Fermi Superspin Kondo!”
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Each site has 3 states which we map to the ‘superspin’ space of a fermion f (the holon) and a
boson f↵ (the spinon):

Then we can map the problem to that of a ‘superspin’ interaction with a bosonic bath (with
coupling �), and a fermionic bath (with coupling g). There is also a ‘Zeeman’ field s0(b†↵b↵� f†f)
which splits the degeneracy between the holon and spinon states. Note s0 = 0 for p = 1/3.
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“Bose-Fermi Superspin Kondo!”
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As in the random J model, the
self-consistency condition leads
to exponents that can be deter-
mined to all orders
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These exponents can be under-
stood from a large M SU(M)
SYK theory with fractionalization:
the partons have correlators ⇠
1/
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⌧ , the spin and electron Green’s

functions are products of 2 par-
ton correlators.
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Metallic
spin glass.
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Numerical solutions of Hubbard model capture key 
aspects of the cuprate phase diagram:  
the FL* pseudogap metal,  
spin glass order at low T for small p,  
and Planckian metal near pc

Dynamic mean field theory of metal-metal transitions


RG analysis yields connections to SYK criticality of 
fractionalized partons

Summary


