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We investigate a model of electrons with random and all-to-all hopping and spin
exchange interactions, with a constraint of no double occupancy. The model is studied
in a Sachdev-Ye—Kitaev-like large-M limit with SU(M) spin symmetry. The saddle-
point equations of this model are similar to approximate dynamic mean-field equations
of realistic, nonrandom, t-J models. We use numerical studies on both real and
imaginary frequency axes, along with asymptotic analyses, to establish the existence of a
critical non—Fermi-liquid metallic ground state at large doping, with the spin correlation
exponent varying with doping. This critical solution possesses a time-reparameterization
symmetry, akin to Sachdev—Ye—Kitaev (SYK) models, which contributes a linear-in-
temperature resistivity over the full range of doping where the solution is present. It is
therefore an attractive mean-field description of the overdoped region of cuprates, where
experiments have observed a linear- T resistivity in a broad region. The critical metal
also displays a strong particle-hole asymmetry, which is relevant to Seebeck coefficient
measurements. We show that the critical metal has an instability to a low-doping spin-
glass phase and compute a critical doping value. We also describe the properties of this
metallic spin-glass phase.

non-Fermi liquid | strange metal | cuprates

Recent experimental works have highlighted certain fundamental properties of cuprate
superconductors and their complex and rich phase diagrams. One of the key aspects is
a transformation in the normal state near an optimal doping p = p. (1-4) indicated
most recently by thermal-Hall transport measurements (1, 3) and by photoemission
experiments (4). While much attention has focused on the anomalous properties of the
underdoped regime (p < p;), it is often assumed that the overdoped regime (p > p.)
is a conventional Fermi liquid, and thus the latter has not attracted as much attention.
However, careful experimental studies have reported significant strange-metal anomalies
in transport properties also on the overdoped side (5-7). These observations indicate the
presence of a non—Fermi-liquid metal in an extended doping region above optimal doping.
On the underdoped side, recent experiments have established that there is a spin-glass
phase (8, 9) in the La-based compounds.

Concordant with these observations, we present here a theoretical model with an
extended non—Fermi-liquid phase at large dopings and a spin-glass phase at low doping.

Models with random interactions on a fully connected lattice in the Sachdev—Ye—Kitaev
class (10, 11) yield a systematic route to studying non-Fermi liquids: The exact solutions
of such models serve as dynamic mean-field theories of more realistic microscopic models
(12-14). In this paper we report numerical and analytic solutions of a ¢-J model (Eq.
1) with random and all-to-all hopping and exchange interactions across a wide range of
doping. The model has a global SU(M) spin rotation symmetry, and we study a particular
Sachdev—Ye—Kitaev (SYK)-like large-M limit with fermionic spinons. A previous study
(15) found possible critical solutions of non-Fermi liquid metals by an analytic study of the
low-energy limit of the saddle-point equations of this large- M limit. From renormalization
group arguments it appeared that these possible critical solutions described only a critical
point or a small range of intermediate doping and that a Fermi-liquid solution would
appear in the overdoped regime.

The present paper presents a full numerical solution of these large-M saddle-point
equations for a wide range of doping. The solutions are obtained on both the real and
imaginary frequency axes, with mutually consistent results. We also supplement the
numerical results with asymptotic analytic analyses. Our main results are that the Fermi
liquid is never the solution of the large-M saddle-point equations and that one of the
low-energy critical solutions obtained earlier (15) extends to an all-energy solution of the
large-M equations in the entire overdoped regime. We further show that there is a phase
transition to a low-doping spin-glass phase and construct a phase diagram (Fig. 1).

Notable features of the critical non—Fermi-liquid phase in Fig. 1 are as follows:

1) Spin correlations decay with an exponent that varies continuously with doping (unlike
a Fermi liquid);
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Fig. 1. (A) Phase diagram as a function of doping p and temperature T
obtained from numerically solving the fermionic spinon large-M saddle-point
equations of the random t-/ model in Eq. 1 for t =/ = 1. The red circles are
critical doping value [pc(T)] at a given temperature, obtained by looking at
the spin-glass instability in the non-Fermi-liquid solution. The uncertainty for
each p is within 0.003. The critical doping at T =0 is obtained by directly
solving the saddle-point equations on the real-frequency axis. (B) Properties
of the T = 0 states. The low-doping spin-glass phase and large-doping critical-
metal phase are separated by a quantum critical point at p.. The critical metal
has doping-dependent exponents Ay, and a linear-T resistivity.

2) The electron correlators have the ~1/7 decay with imaginary
time (as in a Fermi liquid), but with a pronounced particle—
hole asymmetry (which is weak in a Fermi liquid); and

3) The mechanism of ref. 16 applies across the entire overdoped
critical phase, and the resistivity has a linear- T" contribution as
T — 0 at all dopings in this phase (unlike the T resistivity in
a Fermi liquid).

We also note here that there is a distinct large-M limit of the
random ¢-J model (17) that yields a Fermi-liquid ground state
at all nonzero doping. We discuss the relation to this limit in
Section 4.

The plan of this paper is as follows: In Section I we introduce
the model and discuss its general properties. In Section 2 we
consider the critical solutions of the model introduced in Eq. 1
and show that there is a critical solution with doping-dependent
exponents in the overdoped region. We then solve this model
at zero temperature (Section 2.A), as well as finite temperature
(Section 2.B), and show that it has an instability to a spin-glass
phase. The results for spectral functions in the spin-glass phase
are presented in Section 3 using an alternative bosonic spinon
large-M limit. In both phases we report physical observables such
as electron and spin spectral densities at both zero and finite
temperatures. We conclude with a discussion and implication of
our results in Section 4. Technical details and additional results are

presented in S/ Appendix.
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1. Model

We consider a model of electrons with random and all-to-all
hopping and exchange interaction with double occupancy being
prohibited. This is the random ¢-J model that considers doping a
random Heisenberg magnet (10). It is in the class of SYK models
(10, 11) and is suitable for studying metallic phases obtained upon
doping a Mott insulator. The Hamiltonian is

N N
1 1 .
H=— W E t,'jCJaCja—Fi W E J,,JSz . Sj — U E cjacm,

i#j=1 i<j=1 i
(1]

with the constraint, ) c}L o Cia <1, since double occupancy
is not allowed. In the above Hamiltonian, ¢, is the electron
annihilation operator with aa =7, the spin operator is 52 =
cjaag 5Cip/2, and p is the chemical potential. The complex
hoppings ¢;; and real exchange interactions J;; are independent
random numbers with zero mean and mean-square values ¢? and
J?, respectively.

Note that one could also consider a t-J model with non-
random nearest-neighbor hopping and nearest-neighbor random
exchange interactions on a large-dimensional lattice. The on-site
dynamical mean-field equations for such a model are the same as
those obtained for the model in Eq. 1. It also allows for a definition
of transport quantities such as resistivity.

We consider the problem at finite-hole doping (p). This was re-
cently studied both analytically (15, 18) and numerically (19, 20).
In particular, a deconfined critical-point scenario was proposed in
ref. 15 to describe a quantum phase transition between a spin-
glass phase at low doping with carrier density p and a Fermi-liquid
phase at large doping with carrier density 1 + p. The deconfined
critical point proposed therein had the property that the local
spin susceptibility was marginal as in the SYK models (10, 11).
This was based on renormalization group arguments. However, a
large- M analysis (15) led to two types of critical metallic solutions.
One of the critical solutions corresponds to the deconfined critical
point (although it is a phase in large- M limit), while the other was
believed to be suppressed in favor of a Fermi-liquid phase.

In this work we find that, in fact, the second critical solution
is stable, and a Fermi-liquid phase is never achieved within a
large-M approach at the saddle-point level. This critical phase
has the property that while the exponent of the spin correlation
continuously varies with doping, the linear- T resistivity is present
over the entire overdoped phase. This makes it an attractive
candidate for the overdoped phase of cuprate in the light of recent
experiments (5, 7). In the underdoped region, below a critical
doping p., we find a spin-glass phase. Thus, the critical metal at
large doping and spin-glass phase at small doping are separated by
a quantum critical point at a finite doping p,, as shown in Fig. 1.

As a result of the double-occupancy constraint each site has
three states, namely empty (|0)) and singly occupied (|1) and
|4)) states. These can be conveniently described using holon and
spinon operators. The electron is thus fractionalized into holon
and spinons. The critical metallic solutions in the overdoped
region have gapless and critical fermionic spinons and bosonic
holons (Section 2), while the underdoped spin-glass phase will be
described by a fermionic holon and bosonic spinons (Section 3).

2. Critical Non-Fermi-Liquid Metal Phase

In this section, we show that our model in Eq. 1 admits a
critical metallic solution. This phase is described by fermionic
spinon (f,) and bosonic holon (b) operators. The electron and
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spin operators can be then written in terms of these fractional
particles as

o4
Cia = bem» S :fﬂ; inﬁ’ (2]

with the constraint, fl]:lfm + bj b; = 1. This theory realizes a
SU(1|2) superalgebra. The strategy to solve the model in Eq. 1 is
to generalize to a larger symmetry. The spin index on the spinon
operator (f,) is generalized to av=1,..., M and there is an
additional orbital index for holon (by) such that £ =1,..., M’.
This theory realizes a SU(M'|M) superalgebra. In this larger

symmetry the electron and spin operators take the form

Cta = bl fia S =f1T20f5, 3]

where the matrices T'* obey SU(M ) algebra. The constraint now
takes the general form,

Ffo 4 )by =rM. 4]

The idea is to take a large-M’, M limit such that k= M’/ M
is finite. This large-M limit is taken after we have performed a
disorder average and taken the large-volume limit. Note that this
large-M limit is distinct from the large-M limit in ref. 17, which
had M’ = 1; the latter limit leads to a Fermi-liquid phaseat 7' =0
at all nonzero doping.

A detailed analysis of our large-M limit can be found in refs.
15 and 18 and here we simply recall the saddle-point equations
derived therein, which are

. 1

Gb(zwn) = Wn + Ly — Zb(iwny >
V(1) = —t2Gy (1) Gy (=) G (7), °
Gf(iwn) = : 7

Wy + pf — Zf(iwn)7
Sp(r) = =Gy (1)? G (—7) + ktZGf(T)Gb(T)Gb(_T)iS]

where G and G are the boson and fermion Green’s functions,
respectively, while ¥, and ¥; are the boson and fermion self-
energies, respectively. Here 7 is the imaginary time and w,, are
the Matsubara frequencies. The chemical potentials 1y and p
are chosen to satisfy
(F17)y=r—hp, (b'b)=p. [9]
We restrict our attention to the physical case, K =1/2 and k =

1/2. In terms of the holon and spinon Green’s functions, the
electron Green’s functions and the spin correlator are

Ge(1) = —(Trca(r)c!(0)) = =Gy (1) Gy (—7),
X(7) = (8(7) - §(0)) = = Gy (1) Gy (7).

(10]
(11]

Similar equations have been obtained by a dynamic mean-field
theory of a nonrandom ¢-J model on the square lattice, using a
“noncrossing” approximation, and studied numerically (12, 13).

To solve the saddle-point equations on the imaginary-
frequency axis, it is convenient to define

BT = —Gb(z’wn = 0). [12]
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Then we can eliminate /1, and obtain the following set of equa-
tions to solve:

. 1
G i) = 3B = Sy (ioom) + o lion =0)° 13
By(7) = —t* Gy (1) G (=7) Gy (7), [14]
G (i) = ! [15]

iwn + pp — Bf(iwy)’
Nf (1) = = T2 Gy (1) Gy (=7) + kt* G (1) Gy (1) Gy (—7),

(16]
— Gy(r=0")=p, (17]
Gi(r=0")=kr—kp [18]

Thus, we have six equations to solve for the six variables 7, uy,

Gy, Gy, Xy, and 3. Note that Eq. 13 holds for all wy,.

A. Real-Frequency Solution at Zero Temperature. In this section
we discuss the solutions of the saddle-point equations on the
real-frequency axis at T =0. The details of real-frequency
equations corresponding to Eqs. 13-18 can be found in
SI Appendix, section 1. We look for a low-frequency conformal
solution for the fermion and boson Green’s functions with the
following form:

. . e~ b 1
Gy (iwy,) = —iCy <_ei9a> WTAQ’

where the subscript a = f, b corresponds to the fermion and
boson Green’s functions, respectively. In the above ansatz, C,
is a constant, f, is an asymmetry parameter, and A, is the
exponent determining the critical solution. Below we discuss the
relation between these parameters and different possible solutions.
The vector notation is introduced to denote the positive and
negative frequency parts of the solution. Using this form of Green’s
function, it is then straightforward to write the corresponding
spectral densities,

(19]

pa(w) = —%Im[Ga(iwn =w+i0™)]
C, (sin(wAa + Ha)) 1

1 \sin(rA, —6,) wi-28.

(20]

The exponents of the fermion and boson Green’s functions satisfy
the constraint Ay + Ay =1/2. The ansatz considered in Eq. 19
admits three types of solutions (15):

1) Ay = Ay = 1/4: This is the solution that leads to a marginal

spin correlation, i.e., a 1/7 decay as in the SY spin liquid
(10) found in the insulating case. In ref. 18 it was shown
that such a solution exists only in a very small doping range
near p = 0. This is also the solution that corresponds to the
deconfined critical point discussed in ref. 15. We do not discuss
this solution any further here, because we believe the actual
ground state at very low doping is a spin glass.

2) Ay =0Ay; =1/2: Such a solution would be the analog of the
Fermi-liquid solution found in the large-M limit of ref. 17.
However, it turns out that such a solution is not a valid solution
of the saddle-point equations of the large-M limit considered
here. We provide more details in S7 Appendix, section 1.B in
this regard.

3) 1/4 < Ay < 1/2: In this solution the J term in the fermion
self-energy in Eq. 16 is subdominant at low energies, although
it does have contributions at higher energies. This solution

https://doi.org/10.1073/pnas.2206921119 3 of 8
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(A) We plot the doping dependence of the exponent ns of the spin correlation x(7) ~ 1/|7|"™. We compute ns = 2 — 44, in two independent ways,

one by solving the Luttinger relations and the zero-frequency saddle-point equations at T = 0 as explained in the text (black curve) and one by computing ns
from the value of A, obtained from the imaginary-frequency numerics (red curve), as discussed in Section 2. We find the two results in good agreement. At
p = 0 we obtain ns = 4/3, with ns increasing monotonically with increasing doping such that ns — 2 as p — 1. (B) We plot the doping dependence of A, as
obtained independently from the Luttinger relations and T = 0 zero-frequency saddle-point equations and from solving the imaginary-frequency saddle-point
equations. We find atp =0 A, = 1/6 and A, — 0 as p — 1. Consequently, this means Ay =1/3atp=0and Ay = 1/2asp — 1.

results in doping-dependent exponents. As we shall see below,
we find this solution to be present for all values of doping,
and it will be a valid solution in the overdoped region. Our
subsequent analyses in this section focus on this solution.

We now briefly discuss our strategy to find solution 3 and more
details can be found in S7 Appendix, section 1. The conformal
solution ansatz introduced in Eq. 19 satisfies two Luttinger con-
straints (15, 18),

9f 1 Siﬂ(?@f) B 1

Lo (3) miman =yt

95 1 sin(20b) - 1

Ea + <2 B Ab) sin(2Ay) T2 tr [21]

For solution 3 the constants Cy and C} cannot be determined
individually but their product is a constant. This leads to another
constraint involving #s and As as shown in ref. 15:

F(Q — QAf)F(QAf) sin(ﬂ'Af + 0f) Sin(?TAf - Hf)

(2 - 2A,)T(2A4) sin(mAy + 0,) sin(7Ay — 03)’
(22]

k:

where £k =1/2 in our case. Together with the constraint Ay +
Ap=1/2 and Egs. 21 and 22, there are four equations to
solve for four variables, namely A¢, Ay, 0¢, and 6}, at a fixed
doping p. Solving these equations gives us these parameters as a
function of doping, as shown in Fig. 2 and S/ Appendix, Fig. S3.
Determination of the constants C¢ and C} requires full solution
of the saddle-point equation at all frequencies, and the resulting
values are shown in 87 Appendix, Fig. S3. Of particular interest is
the doping dependence of Ay, shown in Fig. 2.

In the large- M limit, from Eq. 11 it is clear that the anomalous
dimension of the electron operator is 9. = 2(A¢ + Ap) =1 and
that of the spin operator is g = 4A¢ =2 — 4A,,. Therefore,
from Eq. 11, as a function of the imaginary time the electron
Green’s function and the local spin correlation have the form

1 1

GC(T)N;7 X(T)Nm-

(23]

Thus, we find that although the electron Green’s function is Fermi
liquid-like, the spin correlation is not. Therefore, the solution we

4 0of 8 https://doi.org/10.1073/pnas.2206921119

have found is a critical metallic phase with a doping-dependent
exponent of the spin correlation. Only in the limit p — 1 we
have A, — 0, leading to a Fermi-liquid-like spin correction with
a1/7? decay.

Having established the presence of solution 3, we now solve
the saddle-point equations on the real-frequency axis numerically
to obtain the full w dependence of the boson and fermion
spectral densities. Using these we can also obtain the electron
and spin spectral densities. S/ Appendix, Fig. S1 shows the full
w-dependent solution for the fermion and boson spectral den-
sities, while in Fig. 3 we plot the electron and spin spectral
densities. The boson and fermion spectral densities have the form
pa(w) ~ w27l with a = f, b. Since A, < 1/2, we plot the
rescaled spectral densities in S/ Appendix, Fig. S1. Note that the
fermion and boson spectral densities are not observable quantities.
However, the electron and spin spectral densities are observable
in photoemission and neutron scattering experiments. These are
defined as follows:

fllm[Gc(iw —w+i07)]
7T

Pe (24]

ps = %Im[x(iw —w+1i01)] = %X”(w). [25]
In ST Appendix, section 1 we present more details on evaluating
these spectral densities.

As noted above, the most striking feature of our solution is
a continuously varying spin-correlation exponent. This is clearly
seen in Fig. 24, which shows the exponent of the spin correlator
X(T) ~ 1/|7|™ where s = 4A¢, and in Fig. 3B, where " (w) ~
sgn(w)|w|** =1 at low frequencies. Only in the limit p — 1 do
we see a Fermi-liquid-like behavior, x(w) ~ w, as Ay —1/2.
The electron spectral density is a constant in the low-frequency
limit with different values for w — 0 and w — 0~ (Fig. 34),
thus resulting in a discontinuity at w = 0. It clearly displays a
particle-hole asymmetry throughout this phase, which is relevant
in the context of understanding the measurement of the Seebeck
coeflicient in recent experiments (21, 22).

As for the SYK model (14), the conformal solutions to Eqs. 5-8
have time reparameterization symmetry when the self-energies are
singular so that Gy (iw, )X 5 (iwn) = —1. Ref. 16 discussed a
mechanism relating the time reparameterization symmetry to a
linear-T" contribution to the resistivity, and the same mechanism
applies to the cases 2 and 3 above. Briefly, to obtain a model with
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Fig. 3. Plot of the electron spectral density (A) and spin spectral density (B)
obtained at t =/ = 1. Shown is the electron spectral density that discontin-
uously approaches two different constants w = 0, leading to 1/7 decay of
the electron density in imaginary time. The spin spectral density goes as

sgn(m)|w|4Af_1 as w — 0. Only for large p do we have A approach 1/2,

which implies a linear frequency dependence and 1/72 decay behavior in
imaginary time characteristic of a Fermi liquid.

spatial structure, we consider the ¢-J model on a large-dimension
lattice with nonrandom ¢;; but random nearest-neighbor J;;.
In the limit of large dimension, the self-energies become local,
and the Green’s functions and self-energies obey equations closely
related to Egs. 5-8. The conductivity in this large-dimension
model is given by the Kubo formula applied at one loop to the
electron Green’s function. The identity Ay + Ay = 1/2 implies
that G. ~ 1/7, and inserting this leading scaling behavior into
the Kubo formula leads to a T-independent residual resistivity.
To obtain temperature dependence, we consider the corrections to
scaling from the time reparameterization operator, whose scaling
dimension h = 2 leads to corrections that depend linearly on T
or w. Applying such a correction to the residual resistivity, we
obtain a linear-in- T resistivity. The critical metal phase found here
is therefore an attractive candidate for the overdoped cuprates. We
also note that our solution is consistent with the findings of recent
numerical work on a similar model (20), as we discuss further in
Section 4.

B. Imaginary-Frequency Solution. We also numerically solve
Egs. 13-18 on the imaginary-frequency axis at finite temperatures
and for different doping values. A critical metallic solution is
found for all values of doping. We calculate the part on Green’s
functions as well as gauge-invariant observables, namely, electron
Green’s function and spin correlation. These are shown in Fig. 4.
The exponent of the bosonic Green’s function, Ay, introduced in
Eq. 19 can be determined from the temperature dependence of
Gy (iw = 0). In the low-temperature limit, the bosonic Green’s
function of the critical metallic solution has a conformal form at
low frequencies, which follows the relation

PNAS 2022 Vol. 119 No.29 e2206921119

Gy (iw =0) = Co T~ 1+ [26]

where Cj is some constant and T is the temperature. To extract
Ay from the data, we plot log(G(iw =0)) as a function of
log(T") and perform a linear fit. The slope of this linear fit then
determines Ap. In Fig. 2 we plot A determined from this
procedure as a function of doping. It is in good agreement with
the result obtained from analytic solution (shown as black curve
in Fig. 2) discussed in Section 2. The lowest temperature that we
used for the procedure is 7' = 0.01.

In SI Appendix, section 2 we present additional results ob-
tained from solving the saddle-point equations on the imaginary-
frequency axis. In particular, we calculate the electron Green’s
function and the spin correlation, which are physical observables.
Wee find that the spin correlation x (7) fits the conformal form to a
very high accuracy and this allows us to extract the corresponding
exponent. Moreover, using Pade approximation, we also perform
a numerical analytic continuation to the real-frequency axis to
obtain the electron and spin spectral densities. These are discussed
in 81 Appendix, section 2.C, and are in remarkable agreement with
those obtained from real-frequency analysis at zero temperature.

C. Instability to Spin-Glass Phase/Quantum Critical Point. The
critical metallic solution discussed above is expected to be stable
at large doping values. In the low-doping region we expect a spin-
glass phase, which is connected to the spin-glass phase found in the
insulating case (23). The critical metallic phase and the spin-glass
phase are separated by a quantum critical point at a finite doping.
The critical value of doping can be estimated using a Ginzburg—
Landau-type free energy considered in ref. 23. It was derived by
considering fluctuations over the saddle point leading to a 1/ M
correction and it has a form,

2

F=pi-L

i 2iw=0)| T +...,

(27]

where x(iw =0) = foﬁ X(7)dT is the local spin susceptibility
and W is the spin-glass order parameter. In the insulating p =0
phase studied in ref. 23, it was found that x(iw = 0) diverged
logarithmically at 7 =0 because the spin exponent has the
“marginal” value 7; = 1. Consequently, the coefficient of W?

A ‘ ‘ ‘ " [—p-oo17
—y 1t —p=0.764 |4
= —p=0.531
3 0.5} —p=0.391| |
=

O Of
G
E —0.5
=~ 1}

W,
B ‘ ‘ ‘ ‘ —p=0.917
1r —p=0.764 ]
—p=10.531
;& 0.8} ol

Fig. 4. (A) Imaginary part of the electron Green’s function on the Matsubara-
frequency axis at T =0.01 for different dopings. (B) Real part of the spin
correlation on the Matsubara-frequency axis at T = 0.01 for different dopings.
We have used t =/ =1.
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Fig. 5.
different values of M with t = / = 1. In both plots, T = 0.

is always negative as 7' — 0, and spin-glass order is present
at T =0. In our non-Fermi-liquid solution, 1s <1, and so
X(iw = 0) is finite at T' = 0: This allows the possibility of ¥ =0
and no spin-glass order at 7'=0. We find in the overdoped
region the coeflicient of the quadratic term is positive and the
free energy is thus minimized by ¥ =0. On the other hand,
in the underdoped region this coeficient is negative, leading to
a nonzero spin-glass order parameter. A change in the sign of
the coefficient of U2 at T'= 0 thus indicates a quantum phase
transition to a spin-glass phase and can be used to estimate
the critical value of doping. We plot this coeflicient at zero
temperature in Fig. 54 as a function of doping for different values
of J at M = 2. We clearly see that for larger values of J there
is a quantum phase transition at a finite doping. In particular,
for J =1 we find p. ~ 0.33 and for J = 0.5 we get p. ~ 0.25.
Similarly, in Fig. 5B we plot the coefficient in Eq. 27 as a function
of doping for different values of M at a fixed J =1 at zero
temperature. It is clear that for large values of M there is no phase
transition. We also plot the critical value of M as a function of
doping in Fig. 6 at zero temperature. We perform a similar analysis
at finite temperature to obtain the critical doping as a function of
temperature (S/ Appendix, Fig. S8). The resulting phase diagram
is shown in Fig. 1A4. The spin-glass susceptibility increases with
decreasing temperature and thus the spin-glass phase is found
upon cooling the non-Fermi liquid at low doping. However, note
that unlike in the case of the random Heisenberg model (10, 24)
(where solution 1 with Ay = Ay = 1/4 is present) the spin-glass
susceptibility does not diverge at low temperature in the present
case. This is one of the important reasons for a stable critical

Meyitical

0.3 0.4 0.5

p

0.6 0.7 0.8

Fig. 6. Plot showing critical value of M for which the coefficient of the
quadratic term in free energy Eq. 27 changes sign at zero temperature.
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Plots of the coefficient of the quadratic term in the free energy in Eq. 27 as a function of doping for (A) different values of Jwith t = 1 and M = 2 and (B)

solution at zero temperature in a broad doping region. We also
note that while 1/M corrections are used in deriving the form of
Eq. 27, we have used the M — o0 solution for the critical metal
to compute X’(0) as it appears in Eq. 27. While a more accurate
estimate of p, may be obtained by adding 1/ M corrections to the
critical metal solution, we emphasize that the M — oo solution is
sufficient to capture existence of a finite-doping phase transition
between the spin glass and critical metal.

3. Spin-Glass Phase

In this section we discuss the spin-glass phase present at lower
dopings. In this case, we use the representation where spinons are
bosonic (b) and the holon is a fermion operator (f). In terms of
these operators,

Co = fTba, 5:5,1%% [28]
and we realize a SU(2|1) superalgebra. Just as before, we
now enlarge the symmetry here to SU(M|M’), which means
a=1,...,M and the holon operator acquires an index ¢ =
1,..., M’. Note that this bosonic spinon large-M limit is distinct
from the fermionic spinon large-M limit followed in Seczion 2,
and the two models are the same only for M = 2; so there is no
reason to expect quantitative agreement between the results of the
present section and those of Section 2.

The strategy to obtain the saddle-point equations is similar to
that discussed earlier in Section 2. From refs. 15 and 18 we have

1
Gy (iwn) = ion + 1y — Zb(iwn)’
1
Giliwn) =305 i = By(iwn)’
S (1) = —kt* G§(7) G5 (—7) G () + J* Gy (1) G (—7),
Si(1) = 12 Gy(1) G (—7) Go (7),
Gb(T = 0_) =—K+ kpv
Gf(TZ()i) =DP.

Physically, the spin-glass phase can be understood as a conden-
sation of bosonic spinons. Contrary to the earlier case, since
we are interested in the spin-glass phase, we need to retain the
replica off-diagonal terms in the action upon disorder averag-
ing. There is, however, some simplification and only replica off-
diagonal components of the bosonic Green’s function at iw,, =0
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Fig. 7. Plot of spin-glass order parameter, g = g2, as a function of doping
obtained by solving the bosonic spinon saddle-point Eqgs. 29-34 on the
real-frequency axis at T=0. The point at p=0 is obtained by solving
Sl Appendix, Eqs. S65-S67 at zero temperature on the real-frequency axis. The
parameters of the model are /=t = 1. The critical doping p. at which the
spin-glass order vanishes in the present bosonic spinon computation need
not be the same as that in the fermionic spinon computation in Section 2.C
because the models are identical only for M = 2.

are relevant. These are captured via the parameter ¢ that is
related to the spin-glass order parameter, as discussed in detail
in ST Appendix, section 3. After incorporating the spin-glass order

in Gp(7) = G,(7) — g, we obtain the following saddle-point
equations:
) _ ) Jg ) .
[Gr(iwy)] " = iwy, — o X, (iwn) — Zr(iw, =0)],
(29]
Gy(iwn) ! [30]
W) = ~ - 5
¥ iwn, + py — Sy (iwy,)

2 (1) = P2 (1Go ()] Gr(=7) = 290G (7) Gr(—7)

— (G (1) + 207 Gy (7) + ¢ Gr(—7))

~ KH2G(r) Gy(—)(~g + Gu (7)), 31]
£5(r) = £G5(7) (9% = 9Gr(7) — 9Gr(—7)

+ G (=T)Gr(r)) 2]
g—G.(1=0")=k — kp, [33]
Gi(r=0")=p. [34]

The dimensionless parameter © =1//3, as detailed in

SI Appendix, section 3. We solve the above equations on real and
imaginary-frequency axes. The main observable in this phase is the
spin-glass order parameter, which we plot as a function of doping
in Fig. 7 at zero temperature. The spin-glass order parameter is
finite at lower dopings and decreases upon increasing doping. We
show results for the order parameter computed for small but finite
temperature obtained using the imaginary frequency analysis in
SI Appendix, section 4. We also calculate the holon and spinon
Green’s functions as well as the electron Green’s function and spin
correlation at finite temperature. These quantities are detailed in
the same SI Appendix, section 4.

We solve the saddle-point equations Eqs. 29-34 at zero tem-
perature to obtain the fermion and boson spectral functions, as
well as the electron and spin spectral functions for a range of
doping. In terms of the spinon and holon spectral functions the
electron spectral function has the following form:

PNAS 2022 Vol. 119 No.29 e2206921119

)= [ denpenen — )+ apy(-). 135)

Similarly, we obtain the expression for the spin spectral function,
ps(w) = g°fwd(w) + g [or (W) — pr(-w)]

- / dwy pr(w1)pr(w —wi), (36]
0

as in ref. 24. The spectral functions at zero temperature for
different values of doping are shown in Fig. 8. We note that the
boson spectral function behaves linearly with frequency at small
frequencies. Consequently, the spin spectral function also depends
linearly on w at small frequencies. We also note the double-peak
structure in the electron spectral function p.(w) in Fig. 8B. Recall
that the electron spectral function is a convolution of the spinon
and holon spectral functions, as well as a term proportional to
gpj(—w). At small dopings the value of g is larger and hence there
is a dominant peak coming from the fermion spectral function.
As g decreases with increasing doping the contribution from the
boson spectral function increases, leading to the second peak at
positive frequencies. All the spectral functions satisfy the respective
sum rules, which are detailed in S/ Appendix, section 4.B.

Apart from the numerical analysis at zero temperature, we
also perform a Pade-approximation—based numerical analytic
continuation of the imaginary-axis solution obtained at finite
temperature. We evaluate the holon, spinon, electron, and spin
spectral densities at finite temperature. These are discussed in
SI Appendix, section 2.C, and are consistent with those obtained
from real-frequency calculation at zero temperature for some

range of doping.

4. Discussion

We have presented a large-M solution for the random ¢-J
model for the entire doping range. Our main finding is a
critical non—Fermi-liquid metal phase at large dopings. This
phase is characterized by a spin correlation exponent that varies

A
0.1
3
Z 0 p=0.06
—0.1 p=0.21
—p=035
—02 —p =046

-5 -4 -3-2-10 1 2 3 4 5

w

0.3+

— 0.2¢

Pe (““

0.1+

0
-5 -4 -3 -2-10 1 2 3 4 5

w

Fig. 8. Spin spectral function (A) and electron spectral function (B) obtained
at zero temperature via real-frequency analysis for several values of doping.
Note the linear in frequency behavior at small frequencies for ps(w). Param-
etersare J=t=1.
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continuously with doping, a linear in temperature contribution
to the resistivity as 7' — 0, and an electron spectral function with
a Fermi-liquid-like decay at long time, but with a pronounced
particle—hole asymmetry. This critical phase captures many aspects
of experimental observations in the overdoped cuprates. It has
been observed that in the overdoped region of cuprate materials
there is a broad range of doping where the resistivity displays
a linear-T' behavior (5, 7). Our findings propose a possible
mechanism for this observation. Also, recent Seebeck coefficient
measurements (21, 22) hint toward a particle-hole asymmetric
electron spectral density, which our solution also displays. It turns
out that in our solution the electron Green’s function appears
Fermi liquid-like although the spin correlation does not. This may
also explain the fact that experiments on overdoped cuprates prob-
ing electron Green’s function directly, such as photoemission (4),
may observe a Fermi-liquid behavior and cannot access the critical
phase. However, transport measurements obtain properties such
as linear- T resistivity, which is starkly in contrast to a Fermi liquid.

We also show that the overdoped critical phase has an instability
toward a spin-glass phase at lower dopings. The spin-glass phase is
characterized by a spin-glass order parameter, which we calculate
using bosonic spinons. We show that this order parameter de-
creases upon increasing doping. In the context of cuprates, recent
experiments have reported the presence of a spin-glass phase at low
doping (9). Our work therefore presents a comprehensive analysis
of the model in Eq. 1 at variable doping and captures the quantum
phase transition between the spin-glass phase and a critical non—
Fermi-liquid metal. We also note that our results are consistent
with recent numerical work on a related model (20).

A notable feature of our results is that we never find a Fermi-
liquid phase in our large-M limit of the ¢-J model, as discussed
in SI Appendix, section 1.B. This is in contrast to the distinct
large-M limit of ref. 17, in which the boson b condenses at all
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nonzero p, leading to a Fermi-liquid phase at all doping. The
two large-M limits coincide only for the physical value M =2,
and it is an open question which large-M limit yields the correct
picture at M = 2 for the random ¢-J model. However, we note
that the numerical study of the M =2 case in ref. 20 does
show indications of non—Fermi-liquid behavior in the overdoped
regime over the 7" range studied, as their measured spin exponent
7, varies with doping in a manner consistent with Fig. 2A4. Thus,
although a Fermi-liquid phase may eventually appear at very
low T in the overdoped regime for M =2, it does appear that
our non—Fermi-liquid solution is an attractive description of the
physics over a wide range of temperatures and dopings accessible
in numerics and experiments.

In conclusion, our work presents a critical metallic phase as
an attractive candidate for the overdoped cuprates that matches
observations over a significant temperature range. This phase is
obtained for a model with random and all-to-all interactions.
Although such a model is far from the microscopic Hamiltonian of
the cuprates, the saddle-point equations solved are closely related
to dynamic mean-field equations of more realistic models in finite
dimensions (12, 13), as has been extensively discussed in a recent
review (14). At very low temperatures, we ultimately expect a
cross-over to behavior characteristic of finite-dimensional systems,
and describing this cross-over remains an important topic for
future research.
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