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Phase diagram of the spin-% Yukawa-Sachdev-Ye-Kitaev model:
Non-Fermi liquid, insulator, and superconductor

4,1,%

Wei Wang ©,12" Andrew Davis ©,>" Gaopei Pan®,"? Yuxuan Wang®,*" and Zi Yang Meng

! Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100190, China
3Department of Physics, University of Florida, Gainesville, Florida 32601, USA

4Department of Physics and HKU-UCAS Joint Institute of Theoretical and Computational Physics, The University of Hong Kong, Pokfulam

Road, Hong Kong SAR, China
® (Received 18 February 2021; revised 17 April 2021; accepted 19 April 2021; published 5 May 2021)

We analyze the phase diagram of the spin—% Yukawa—Sachdev-Ye-Kitaev model, which describes complex
spin—% fermions randomly interacting with real bosons via a Yukawa coupling, at finite temperatures and varying
fermion density. A recent work [Wang and Chubukov, Phys. Rev. Res. 2, 033084 (2020).] showed that, upon
varying the filling or chemical potential, a first-order quantum phase transition exists between a non-Fermi-liquid
(NFL) phase and an insulating phase. Here we show that in such a model with time-reversal symmetry this
quantum phase transition is preempted by a pairing phase that develops as a low-temperature instability. As a
remnant of the would-be NFL-insulator transition, the superconducting critical temperature rapidly decreases
beyond a certain chemical potential. On the other hand, depending on the parameters, the first-order quantum
phase transition extends to finite temperatures and terminates at a thermal critical point, beyond which the NFL
and the insulator become the same phase, similar to that of the liquid-gas and metal-insulator transition in real
materials. We determine the pairing phase boundary and the location of the thermal critical point via combined
analytic and quantum Monte Carlo numeric efforts. Our results provide a model realization of the transition
of NFLs towards superconductivity and insulating states and therefore offer a controlled platform for future
investigations of the generic phase diagram that hosts a NFL, insulator, and superconductor and their phase

transitions.

DOLI: 10.1103/PhysRevB.103.195108

I. INTRODUCTION

Understanding the non-Fermi-liquid (NFL) behavior of
interacting electron systems is one of the central issues in
modern condensed-matter physics. Widely believed to be rele-
vant to the microscopic origin of the strange metal behavior in
unconventional superconductors [1-8], its theoretical descrip-
tion remains a challenging issue due to the lack of a small
control parameter. Recently, the Sachdev-Ye-Kitaev (SYK)
model has garnered widespread attention as it has emerged
as a new paradigm for the study of NFLs [9-12], which is
different from most previous research of NFLs, where the
system is usually realized in itinerant fermions coupled to soft
bosonic modes near a quantum critical point [13-20]. The
NFL in SYK model is exactly solvable in the large-N limit.
Beyond the context of non-Fermi liquids, the SYK model has
also been found to have a hidden holographic connection to
quantum black holes and saturates the limiting rate of scram-
bling due to its short equilibration time [21,22].

Motivated by the aforementioned fermionic systems near
quantum critical points, recently, a variant of the SYK model,
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dubbed the Yukawa-SYK model, was proposed [23-27]. Such
a model describes strong random Yukawa coupling between
MN flavors of fermions and N2 flavors of bosons. Analytical
investigation at large N has revealed a saddle point solution in
which the Yukawa coupling “self-tunes” the massive bosons
to criticality and the fermions form a NFL, which saturates the
bound on quantum chaos [28,29]. This saddle point solution
has been verified at finite N and finite 7 via quantum Monte
Carlo (QMC) simulations with an additional antiunitary time-
reversal symmetry [27] by making use of a reparametrization
symmetry of the large-N solution.

In this work we focus on the fate of the NFL upon
varying temperature and density. Similar to the discovery
of the complex SYK model [30,31], it was recently shown
that a first-order quantum phase transition exists at finite
chemical potential separating a NFL state and a gapped in-
sulating state [23]. On the other hand, in several versions of
the Yukawa-SYK model and the complex SYK model, the
NFL phase becomes unstable to a pairing phase [24-26,32—
34]. In particular for the Yukawa-SYK models [23-27],
two distinct pairing behaviors have been reported, depend-
ing on whether fermions carry spin degrees of freedom.
For the spinless Yukawa-SYK model studied in Ref. [24],
it was found that pairing occurs only for a certain range
of the ratio between boson and fermion flavor numbers,
while for spin-% Yukawa-SYK models [25-27], the NFL state

©2021 American Physical Society
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FIG. 1. (a) Phase diagram of the Yukawa-SYK model at N =
4M, wy = 1, my = 2. From the large-N calculation, one sees the NFL
become a superconductor at low temperature in a wide range of the
chemical potential and the first-order hysteresis region denoted by
the red points and lines, obtained in the absence of pairing instability
within large N. In the presence of superconductivity the position
of this region is renormalized, hence the dashed line. The thermal
critical point that terminates the first-order transition locates at (i, =
0.194, T. = 0.015). The blue triangles are the transition points from
a NFL to a superconductor obtained from QMC at finite N, M (see
Fig. 4), which are consistent with the results obtained from large-N
calculations (black squares). (b) Phase diagram of the Yukawa-SYK
model at N = M, wy = 1, my = 2 from the large-N calculation. The
first-order hysteresis region denoted by the red points and lines is
obtained in the absence of pairing instability within large N. The
dashed-line portion of this boundary is renormalized by supercon-
ductivity phase. The black dashed line denotes the boundary of the
superconducting phase within the hysteresis region and is depicted
only qualitatively. The QMC n-p curves in Fig. 2 are along blue
dashed paths. The thermal critical point at (1, = 0.3825, 7. = 0.07)
is denoted by the black star.

is, in general, unstable toward pairing at sufficiently low
temperatures.

Here by means of large-N calculation and unbiased large-
scale QMC simulation, we present the global phase diagram
(see Fig. 1) of the spin—% version of the Yukawa-SYK model,
spanned by the axes of temperature 7 and chemical poten-
tial w. Up to a critical value in the chemical potential u,
a finite-temperature phase transition from NFL to supercon-

ductivity is observed. We determine the pairing transition
by solving the linear Eliashberg equation using the large-N
result of the Green’s functions, as well as finite-size scal-
ing of the pairing susceptibility in QMC simulations. We
obtain good agreement between the two methods, indicating
the pairing transition is mean-field-like. In particular, in the
weak-coupling limit, we analytically determine the threshold
value for u for the superconductor-insulator transition at zero
temperature, which agrees well with numerical results. On
the other hand, by solving the Schwinger-Dyson equation, we
found the first-order quantum phase transition extends to low
temperature and terminates at a (thermal) critical point, which
is a generic feature in many metal-insulator transitions in cor-
related materials [35,36]. However, depending on the strength
of the first-order quantum transition (previously found to be
controlled by the ratio M/N [23]), we show that the thermal
critical point may be masked by the superconducting phase.
The phase diagram obtained offers a controlled platform for
future investigations of phase transitions between a NFL, in-
sulator, and superconductor at generic electron fillings.

II. THE SPIN-% YUKAWA-SYK MODEL

The Yukawa-SYK model we study is described by the
following Hamiltonian:

M N .
H= Z Z Z (ﬁtia’jﬂ(paﬂcj—ainaé,ncjﬁn)

i,j=1 a,f=1 mn="=,]

N 1 m2 M
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where  Ciym (ch) is the annihilation (creation) opera-
tor for a fermion with flavor « and spin m,n (1 or
J). The random Yukawa coupling parameter between a
fermion and a boson is realized as (tio, jg) = 0, (tiar, jptry,15) =
((Sayaikfsﬂéajl + 8a58i;8ﬂy8jk)w8. We set wg = 1 as the energy
unit throughout the paper. The dynamical behavior of the
boson is given in the second term, and 7,p is the canonical
momentum of ¢, g. Hermiticity of the model requires ¢op =
—¢pa- (o, B) are flavor indices which run from 1 to N, and
(i, j) are quantum dot indices which run from 1 to M. o*
represents the z component of the fermion spin. Due to time-
reversal symmetry, this Hamiltonian is free from the fermion
sign problem and can be simulated by QMC at finite M and
N and at finite doping with p % 0. We prove the absence
of the sign problem and discuss the QMC implementation in
Appendix A.

As we mentioned, compared to the spinless Yukawa-SYK
model previously studied [24], the key difference is the in-
clusion of the spin degree of freedom, which enables a
sign-problem-free quantum Monte Carlo simulation of the
model. Physically, this modification introduces an instability
toward spin-singlet pairing, while in Ref. [24] the pairing of
spinless fermions occurs at only certain regimes of (M, N).
The behavior of the model (1) at uw = 0 was studied in our
previous work in Ref. [23], and in this work we focus on the
phases for a generic x.
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The main results of this work can be summarized by the
two representative phase diagrams. We found that, in general,
a superconducting dome 7 (1) exists in the 7-u plane shown
in Fig. 1 (the phases for positive and negative u are identi-
cal by particle-hole symmetry). The vanishing of pairing for
larger w is driven by the underlying NFL /insulator transition.
In the absence of pairing, we obtain a hysteresis region (the
wedge region marked by red lines in Fig. 1) in which both
the NFL and insulator states are metastable, divided by a
first-order phase transition inside the wedge, similar to that
of the liquid-gas transition and metal-insulator transition in
many correlated materials [35,36]. The exact location of the
first-order transition requires comparing the free energies of
different solutions, which is beyond the scope of the cur-
rent work. For N = 4M, wy = 1, my = 2, the superconducting
dome completely preempts the would-be NFL /insulator tran-
sition, while for N = M, wy = 1, my = 2, the first-order phase
transition is stronger and the corresponding thermal critical
point occurs outside of the superconducting phase. In Fig. 1(a)
we have also marked the superconducting critical temperature
obtained by finite-size scaling from QMC data with blue tri-
angles, which are consistent with the results obtained from
large-N calculations denoted by the black squares. The exact
position of the hysteresis region inside the superconducting
phase and vice versa requires solving the nonlinear supercon-
ducting gap equation and is qualitatively marked by dashed
lines.

III. PHASES IN THE NORMAL STATE

Within large N, we map out the 7-u phase diagram by
numerically solving the Schwinger-Dyson equations (2). In
terms of the propagators Gj?l(ia)) = iw+ u + X(iw) for the
fermions and G;' (i) = Q* + m(z) + T1(i2) for the bosons,
the Schwinger-Dyson equations are

. 3 [d, . .
(o) = —wy gGh(lQ)Gf(la) — i),

aMm

d
MGQ) = —-oj ﬁcf(isz/z + )G (—i/2 + iw).

@

Since we work in the large-(M, N) regime, only the ratio M/N
enters the equations [27].

We solve Egs. (2) iteratively by starting with a simple
ansatz for ¥, and I1j on the right-hand sides, obtaining up-
dated values ¥ and IT; on the right-hand sides, and repeating
until the solutions {X,} and {IT1,} saturate, where n is the
iteration step number. Noting that Eqgs. (2) are consistent with
the assumptions that I1(i€2) is even and that the real and imag-
inary parts of X(iw) are even and odd, respectively, we need
to compute only the self-energies at nonnegative frequencies.
However, directly implementing this strategy leads to diver-
gent behavior, especially at X,,(£77T) and IT,(0). This issue
is related to the fact that ¥,(£x7T) and I1,(0) are determined
by the behaviors of G and D at all frequency scales, rather than
their “local” behavior at nearby low energies [23]. Indeed, in
analytical solutions of Eq. (1) at T = 0 [23], the conditions on
3(0) and I1(0) were used to determine the ultraviolet energy
scale beyond which NFL behavior crosses over to that of a free

system. To avoid the instability at lowest frequency points in
the iterative method, we artificially introduce the “stabilizers”
for each step of the iteration by uniformly shifting X, and IT,,
such that

T,(xT) =s, M,0)=p. 3)

This prescription prevents X,(n7) and I1,(0) from running
away. Of course, in general, after the iteration converges, the
solution we get is not the solution of the original SD equation,
unless the updated value at the next step coincides with the
stabilizers, i.e., X, (wT) — s and I1,+1(0) — p. Using this
criterion, we can find the correct values of the stabilizers sg
and po. The necessary shifts are typically extremely small
compared to the values of the self-energies over the frequency
range where most of their support lies.

Atlow T and for some ranges of u, we obtain two different
choices of stabilizers {so, po} which cause the iteration to con-
verge. This signals the hysteresis behavior, and the resulting
two types of solutions physically correspond to NFL and insu-
lator behaviors that are the local minimum of the free energy.
This method does not reproduce the unstable (dn/du < 0) so-
lutions, whose boundaries are sketched qualitatively in Fig. 2.
The filling n is calculated from the imaginary-time fermionic
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FIG. 2. Filling n versus w for selected T in the vicinity of the
thermal critical point in Fig. 1 (b) for N =M, wy =1, my = 2. At
higher T = 0.125, one sees the n(u) curves from both large N and
QMC are smooth. T = 0.125, u = 0.375 (marked by the star) is a
thermal critical point. At temperature 7 = 0.083 close to the thermal
critical point, there is a sharp turn in n(u) signifying the divergence
of the compressibility dn/d . At lower T, there is a range of u—the
hysteresis region—where the filling is double valued. The lower
branch represents the NFL behavior, and the upper branch represents
the insulating behavior; a first-order transition connects the two at
a chemical potential given by a Maxwell construction. The dashed
line delimits the region where solutions are unstable. Note that the
QMC results at T = 0.050 (the blue triangles) further differ from
the first-order transition behavior (the blue curves). At finite M, N
and at finite temperatures, the system is finite and does not have
phase transitions. Instead, the system undergoes crossovers, which
become phase transitions only in the thermal dynamical limit. We
have verified that, numerically, as one increases M, N, the numerical
data indeed tend to approach the large-N curve.
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Green’s function,

n= % + Y Gylion). 4

Wy

Alternatively, one can obtain the filling from n =
lims_,o G(t = —8). However, due to the finite number of
frequency points we keep, G(r) obtained from a Fourier
transform exhibits strong oscillations at small 7 (the Gibbs
phenomenon).

From the fermion Green’s functions, we extract the n-u
curve, shown in Fig. 2. In particular, for certain values of
(u, T) the two solutions coexist, indicating the existence of
metastable states. At low temperatures, there is, in general, a
range of n for which no solutions were found. Nevertheless,
we expect the n(u) curve to be smooth in the full solution.
This missing portion of solutions (see the dashed lines in
Fig. 2) thus corresponds to those that cannot be obtained from
a stable convergent iterative series. We thus identify this miss-
ing portion as thermodynamically unstable saddle points of
the free energy. Such a behavior is typical of first-order phase
transitions. Like water-vapor transition, the actual n-p curve
connecting the two branches is a straight line determined by
the Maxwell construction. Above a certain temperature 7., the
two types of solutions become smoothly connected at a chem-
ical potential w.. Here the compressibility dn/du diverges,
and thus, (T, u.) is a thermal critical point of the system.

Qualitatively, the value of 7. up to which the first-order
phase transition survives is related to the strength of the quan-
tum first-order transition at 7 = 0. In Ref. [23], it was found
analytically that the first-order quantum phase transition is
weaker for a larger ratio M/N and becomes continuous at
M/N — oo. Indeed, we find that 7, for the case N = M is
higher than that with N = 4M.

Here we note that the normal state phases of the spinless
Yukawa-SYK model [24] can be obtained by a similar anal-
ysis. Indeed, the only difference is an additional factor of 2
in the second equation in (2) coming from summing over
spin species. However, as we see below, the pairing phase of
the spin—% Yukawa-SYK model comes from the spin-singlet
channel, which is absent in the spinless version, as discussed
in Ref. [24].

IV. PAIRING TRANSITION

The interaction mediated by the boson exchange is attrac-
tive in the equal-index, spin-singlet Cooper channel [27], and
the system has an instability and a low-temperature pairing
phase. The Eliashberg equation is given by

Qp

X O(w, + Q). 5)

At u = 0, the pairing problem was analyzed in Ref. [27].
For p # 0, due to the breaking of particle-hole symmetry,
the mismatch between G(Z£iw,) leads to a reduced pair-
ing tendency, much like a Zeeman splitting in momentum
space reduces the spin-singlet pairing susceptibility. We can
glean some insight about the pairing transition by consid-
ering the weak-coupling limit wy < my and determine the

value of u, beyond which pairing vanishes. At T = 0, the
Schwinger-Dyson equations admit an insulating solution ap-
proximated [23] by E(iw) = —wr /2, where wp = wj/m} and
IT(i2) = 0 as long as u > wr /2. These self-energies become
exact in the limit. In this regime the pairing equation becomes

b(w) = 3/@ ! ! o(Q)
TN Qe L (w—wp/2r

(6)

Most of the support for the integral comes from frequencies
on the order of wp, so at very weak coupling the frequency
dependence of the boson propagator can be ignored. With the
ansatz ®(w) = const, performing the integral reveals a pairing
transition at

Lse = wp (=) /mj). (7

To verify this analytic result, we solved the pairing equa-
tion numerically at very weak coupling, my = 10wy, and we
obtained u, & 0.98wp for the maximum chemical potential
beyond which pairing vanishes; we also found that ®(w) is
virtually constant, justifying our ansatz. Extrapolating to our
case with wg/my = 0.5, we expect p, = 0.25. This indeed
matches well the numerical results from large N [Figs. 1(a)
and 1(b)] and from QMC [Fig. 1(a)].

Using the numerical solutions for Eqs. (2), the Eliash-
berg equation can be viewed as a matrix equation

(a) 10°4
10" 4
107 3
[T
O .; = QMC, x=0125
1073 Large N, u=0.125
. A QMC, 4=035
1074 Large N, z=0.35
T T T T T T T T T T T

0 5 10 15 20 25 30

FIG. 3. (a) The QMC fermionic Green’s functions and (b) the
bosonic Green’s functions with different u. M =4, N =16, g =
32, wy =1, my = 2, plotted with semilog axes. For convenience
both G, and G, have been normalized to 1 at © = 8. The system
becomes gapped with the increase of the chemical potential. The
sharp downturn of the large-N result in (a) is an artifact of keeping
finite-frequency points.
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|®) = K(T, n)|®) (after imposing a large enough cutoff in
frequency), and the largest eigenvalue of the kernel K can
be computed. The Eliashberg equation has a nontrivial so-
lution when the largest eigenvalue reaches 1, indicating the
onset of pairing, and we can map out the boundary of the
superconducting region in the T-u phase diagram. The nu-
merical results for N = 4M, my = 2wpand N = M, my = 2wy
are shown in Figs. 1(a) and 1(b), respectively. The thermal
critical point may lie inside or outside the superconduct-
ing region depending on the ratio of M/N, as discussed
above.

V. RESULTS FROM QMC

To analyze the phase diagram in Fig. 1 with QMC, we
focus on the Green’s functions and pairing susceptibility ob-
tained in simulations at finite M, N. We first perform the QMC
simulations at the parameters of N =4M,wy =1, my =2
with different 8 = 1/T and pu.

We show in Fig. 3 the QMC Green’s func-
tions for large B with different @, with Gy(7,0) =

G et o gt (Ciao (DIt 4 ,(0))  and  Gi(r,0) =

m Zﬁﬂ:l,a#ﬂ (Dap(T)Pap(0)). One can clearly see
that they exhibit distinct behaviors for small and large u,
consistent with the phase diagram in Fig. 1(a). At u = 0.125,
both G, and G, decay slowly in imaginary time, similar to
the results in Ref. [27] exhibiting power-law scaling. Note
that, for u # 0, since the system is no longer particle-hole
symmetric, G, is not symmetric with respect to 7 = /2,
and we normalize the data with respect to Gy(t = )
and Gp(t = B). At larger doping, with w = 0.35, both
G; and G; decay exponentially, consistent with insulating
behavior. Since in the QMC simulation with finite N, M the
system does not develop superconductivity, it is sensible
to compare it with Green’s functions at large N for the
normal state. As can be seen in Fig. 3, the agreement is
excellent.

For the M = N case in Fig. 1(b), the thermal critical point
is located around (u. = 0.3825, T, = 0.07), which is within

reach of our QMC simulations. We compute the n(u) curves
(whose derivative is the charge compressibility) near and
far away from 7.. We can see in Fig. 2 that, in excellent
agreement with the large-N solution, the compressibility is
constant when the temperature is much higher than the critical
point (M = N = 8, T = 0.125), while there is a jump in n(u®)
when the temperature is close to the critical point (M = N =
8,10, 12, T = 0.083), consistent with the phase diagram in
Fig. 1(b) from large N.

For N = 4M our QMC results further reveal that the NFL
develops a superconductivity at low temperature in a wide
range of the chemical potential, reaching beyond the would-be
first-order phase transition. To extract the superconducting
transition temperature, we measure the pairing correlation
in our QMC simulation and analyze its scaling behavior
as the system size. The pair susceptibility is expressed as
P, = foﬁ dt(A(T)AT(0)), where A is the pairing field defined
as AT = \/#W DD S CZ&-TCZMV At finite N, the pair-
ing susceptibility P; does not diverge and can be written as
PN ~ NafFINYY(T — T,.)], in which N (and M for a fixed
ratio) plays the role of the system size [8,37-39]. For our
large-N system without the notion of space, the role of cor-
relation length is replaced by a correlation “cluster size” n ~
(T — T,.)™" and hence the functional dependence of f(x).
In the large-N limit, all fluctuation effects are suppressed by
1/N, and such a phase transition is mean-field-like [24]. This
means that for a fixed T — 7, the exponent v = 2 following
the analog of Josephson’s identity [40] and that f(x) ~ 1/x.
Further requiring that in the large-N (thermodynamic) limit
the susceptibility diverges independent of N, we obtain a =
1/2. Using these exponents, we indeed obtain decent finite-
size scaling with B, by data collapse [see Figs. 4(a)—4(h),
with different fermion densities (different 1£)]. We can see that
when u increases, the superconducting transition temperature
is moderately reduced until a sudden drop at larger w. For
@ > 0.25 the pairing susceptibility no longer diverges with
large N, and the system does not form a pairing state [see
Figs. 4(i) and 4(j)]. The corresponding QMC T;. points are
shown in Fig. 1(a). The values of Ty .(u) from QMC are
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FIG. 4. Pair susceptibility P; measured at different chemical potentials p. The obtained 7. (8.) are denoted by the blue triangles in Fig. 1(a).
From the temperature dependence of P, with different system sizes (M, N) we perform the data collapse using mean-field exponents yy = 1,
Vo = 2, and the transition temperatures 7, (8.) are obtained accordingly. The parameters are N = 4M, wy = 1, my = 2. © = 0 in (a) and (b),
@ =0.051n (c) and (d), u = 0.125 in (e) and (f), © = 0.2 in (g) and (h), u = 0.25 in (i), and w = 0.35 in (j). The superconducting transition
temperature decreases as p increases. For 4 = 0.25 in (i) and © = 0.35 in (j) the pairing susceptibilities are not divergent at larger N, and the

system enters a gapped insulator phase.
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larger than their large-N counterparts, but they are close. In
particular, the values of u, from QMC and large N are in
good agreement, consistent with analytical result Eq. (7).

VI. DISCUSSION

With combined analytical and numerical efforts, we re-
vealed the T-p phase diagram of the spin—% Yukawa-SYK
model. We identified that an underlying first-order quantum
phase transition between a non-Fermi liquid and an insula-
tor leads to a domelike structure of the pairing phase and,
depending on the parameter N/M, survives at finite 7" until
a second-order thermal tricritical point between a non-Fermi
liquid and an insulator. The first-order quantum phase transi-
tion and the associated thermal critical point are shared by
the original complex SYK model at finite density [30,31].
In addition, the superconducting dome in the vicinity of a
NFL phase we observed for the spin—% Yukawa-SYK model
analytically and numerically in this work is reminiscent of the
phase diagrams of many unconventional superconductors. Our
results provide the model realization of the SYK-type NFL
and its transition towards superconductivity and insulating
states and therefore offer a controlled platform for future in-
vestigations of the generic phase diagram that hosts the NFL,
insulator, and superconductor phases and their transitions at
generic fermion densities.

It will be interesting to further investigate the scaling
behavior of the thermal tricritical point and determine its
universality class, which we leave for future work.
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APPENDIX A: MODEL AND QUANTUM
MONTE CARLO SIMULATION

The Hamiltonian in Eq. (1) in the main text is illustrated
by Fig. 5. There are i, j = 1, ..., M quantum dots, and each
dot acquires «, B =1, ..., N flavors of fermions. Fermions
are Yukawa coupled via the random hopping #; and anti-
symmetric bosonic field ¢45. The system goes through a
phase transition from a non-Fermi liquid to a pairing state
when the temperature is below the superconducting critical
temperature Ty..

’/
" lia,jpPap
j

— e
superconductor 7.

NFL r

FIG. 5. Spin—% Yukawa-SYK model. There are i, j =1,...,M
quantum dots; each dot acquires «, 8 = 1, ..., N flavors. Fermions
are Yukawa coupled via the random hopping #; and antisymmetric
bosonic field ¢,5. The system goes through a phase transition from
non-Fermi liquid to a pairing state when the temperature is below the
superconducting critical temperature Ty,.

We use the Determinantal Quantum Monte Carlo (DQMC)
method to simulate this Hamiltonian, and the starting point is
the partition function of the system,

Z = Tr{e_’m}
= Tr((e™*")")

— ZTrF(CI)l |e—ATH|cDL,)(<I>LT |e—ATH|cDLf—1>

{®}

X oox (@%@l (A)
where we divide the imaginary-time axis g into
L, slices; then we have B =L, x Atr. Here &; =

(11,0, P12ts - - » ON—1).1> GNn,1) 18 the complete basis of
imaginary-time propagation in the path integral. Using
Trotter-Suzuki decomposition to the Hamiltonian in Eq. (A1),

7Af[9 ~ 7A119f;, 7A'L’H],7

e e e (A2)

where Hy;, is the boson-fermion term and Hj is the boson term
in the Hamiltonian.
Then the partition function can be written as

Z=Y wslplorll.

(@}

(A3)

As for the bosonic part of the partition function,

where ([, [’) stands for the nearest-neighbor interaction in
the imaginary-time direction and C is a constant. As for the
fermionic part of the partition function,

wrl¢] = det[l + B=“BL-~1...B!...B’B'], (A5)

where

Bl — e—ArV((I)[) (A6)
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and

i
V(@) = mazzxz ® (tij)yrsps ® (Pap )y sy

— 1 ® Dopnxomn- (AT)

Here I is the identity matrix.
With these notations prepared, finally, the partition func-
tion in Eq. (A3) can be written as
L. N
M
2= Ile ([T Tt )
} =1
(api- (Papi=Paprr) )
l_[ 1_[ e~

=1 a,f=1
" a,f=1

X Det[I+BLfBL’_1 ..-B'--.B’B'].  (A8)

This partition function is free from the minus-sign problem
for any . For the part of the boson-fermion term of the
Hamiltonian, it is invariant under the time-reversal symmetry
operation 7 = io, K. Here K is the complex-conjugate opera-
tor. The boson-fermion term of the Hamiltonian can be written
as

Hfb = Z Z Ftaﬂ¢lj uxTCJO‘T McmTCWT

ij=la,p=1
i . ;
—mfaﬁ¢ijcia¢cja¢ = UCig | Ciarl -

(A9)

Under the transformation of 7 =

S

ij=1a,p=1

ioy)C, we have

THpT ™ Fw% Ch\ Ciat = HCly Ciay

+ ﬁfaﬂ%c;w% ~ Wiy Ciay
= Hy, (A10)
At the same time for the fermion determinant

det[1 + B(8,0)]
= det[1 + BT (8, 0)]det[1 + B*(8, 0)]
= det[1 + B' (8, 0)] det[T (1 + B*(B,0)T '1*
= det[1 + B"(8, 0)] det[1 + B (8, 0)]* (A1)
= | det[1 + B"(8, 0)]I%, (A12)

where B(8,0) =BXB~!...B'...B’B'. The determinant
is a positive and real number. Also for the boson part of the
weight wp[¢@] is positive and real. Therefore, we have proved
that this Hamiltonian is sign problem free.

From a simpler viewpoint, just by looking at the matrix el-
ements of matrices corresponding to different spins, BT(8, 0)
and BY(8, 0), we can see this model does not have sign prob-
lem. Every element of 1+ B¥(8, 0) is individually complex

(a) — T T T T T T T T T T T
8- = M=2,N=8 A T
6- e M=3N=12 1
T A M=4N=16 T
%) i A |
44 S
2—- A f o o]
0- !_,!Annﬁl IR
T T T
0 10 15 20 25 30 35
(b) b
044 — T T T T T T 1 A- ]
< 03] A,~10(T,~0.1) _
Zm T ® ' 7
Q 0.2 1 5.. -1
_ o |
o
14 & i
0 - o~ _
— T T T T T T T T T

-30 20 -10 0 10 20 30 40
1y
(B-BIN

FIG. 6. Pair susceptibility for different 8 and data collapse, wy =
1, my =1, u = 0. The superconducting transition temperature is
around T;. ~ 0.1 (B, ~ 10), which is higher than the superconduct-
ing transition temperature around 7. ~ 0.067 (B, ~ 15) at wy =
1,myg=2,and u = 0.

conjugate with the corresponding element of 1+ B'(3, 0),
which means

det[1 + B"(8, 0)] = det[1 + B*(B, 0)]* (A13)

APPENDIX B: THE CRITICAL TEMPERATURE OF
SUPERCONDUCTING WITH DIFFERENT m,

The influence of the ratio wy/mg on the superconducting
transition temperature has been studied quantitatively by the
large-N limit calculation. The inverse transition temperature
B from NFL to superconductivity as a function of the ratio
wo/mg for N = 4M and N = M is discussed in the main text
and in Ref. [27]. By QMC simulation, we also found that
when mg = 1, wy = 1, and = 0, the superconducting tran-
sition temperature is around 7. ~ 0.1 (B, ~ 10), which is
higher than the superconducting transition temperature around
Tye ~ 0.067 (Bse ~ 15) at wg = 1,mg =2, and u = 0. The
results are shown in Fig. 6 and are consistent with theoretical
analysis in Ref. [27].

[1] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, and J.
Zaanen, From quantum matter to high-temperature supercon-
ductivity in copper oxides, Nature (London) 518, 179 (2015).

[2] Z. Liu, Y. Gu, W. Zhang, D. Gong, W. Zhang, T. Xie, X. Lu,
X. Ma, X. Zhang, R. Zhang, Jun Zhu, C. Ren, L. Shan, X. Qiu,
P. Dai, Y. Yang, H. Luo, and S. Li, Nematic Quantum Critical

195108-7


https://doi.org/10.1038/nature14165

WANG, DAVIS, PAN, WANG, AND MENG

PHYSICAL REVIEW B 103, 195108 (2021)

Fluctuations in BaFe, ,Ni,As,, Phys. Rev. Lett. 117, 157002
(2016).

[3] Y. Gu, Z. Liu, T. Xie, W. Zhang, D. Gong, D. Hu, X. Ma,
C. Li, L. Zhao, L. Lin, Z. Xu, G. Tan, G. Chen, Z. Yang
Meng, Y. Yang, H. Luo, and S. Li, Unified Phase Diagram
for Iron-Based Superconductors, Phys. Rev. Lett. 119, 157001
(2017).

[4] J. Custers, P. Gegenwart, H. Wilhelm, K. Neumaier, Y. Tokiwa,
O. Trovarelli, C. Geibel, F. Steglich, C. Pépin, and P. Coleman,
The break-up of heavy electrons at a quantum critical point,
Nature (London) 424, 524 (2003).

[5] B. Shen, Y. Zhang, Y. Komijani, M. Nicklas, R. Borth, A.
Wang, Y. Chen, Z. Nie, R. Li, X. Lu, H. Lee, M. Smidman,
F. Steglich, P. Coleman, and H. Yuan, Strange-metal behaviour
in a pure ferromagnetic Kondo lattice, Nature (London) 579, 51
(2020).

[6] Y. Cao, D. Chowdhury, D. Rodan-Legrain, O. Rubies-
Bigorda, K. Watanabe, T. Taniguchi, T. Senthil, and P.
Jarillo-Herrero, Strange Metal in Magic-Angle Graphene with
Near Planckian Dissipation, Phys. Rev. Lett. 124, 076801
(2020).

[7] C. Shen, Y. Chu, Q. S. Wu, N. Li, S. Wang, Y. Zhao, J.
Tang, J. Liu, J. Tian, K. Watanabe, T. Taniguchi, R. Yang,
Z. Y.g Meng, D. Shi, Oleg V. Yazyev, and G. Zhang, Cor-
related states in twisted double bilayer graphene, Nat. Phys.
(2020).

[8] C. Chen, T. Yuan, Y. Qi, and Z. Y. Meng, Doped orthogonal
metals become Fermi arcs, Phys. Rev. B 103, 165131 (2021).

[9] S. Sachdev and J. Ye, Gapless Spin-Fluid Ground State in a
Random Quantum Heisenberg Magnet, Phys. Rev. Lett. 70,
3339 (1993).

[10] A Kitaev (unpublished).

[11] S. Sachdev, Bekenstein-Hawking Entropy and Strange Metals,
Phys. Rev. X 5, 041025 (2015).

[12] A. Kitaev and S. J. Suh, The soft mode in the Sachdev-Ye-
Kitaev model and its gravity dual, J. High Energy Phys. 05
(2018) 183.

[13] A. Abanov, A. Chubukov, and J. Schmalian, Quantum-critical
theory of the spin-fermion model and its application to
cuprates: Normal state analysis, Adv. Phys. 52, 119-218
(2003).

[14] M. A. Metlitski and S. Sachdev, Quantum phase transitions of
metals in two spatial dimensions. I. Ising-nematic order, Phys.
Rev. B 82, 075127 (2010).

[15] M. A. Metlitski and S. Sachdev, Quantum phase transitions of
metals in two spatial dimensions. II. Spin density wave order,
Phys. Rev. B 82, 075128 (2010).

[16] Z. H. Liu, X. Y. Xu, Y. Qi, K. Sun, and Z. Y. Meng, Itinerant
quantum critical point with frustration and a non-Fermi liquid,
Phys. Rev. B 98, 045116 (2018).

[171Z. H. Liu, G. Pan, X. Y. Xu, K. Sun, and Z. Y.
Meng, Itinerant quantum critical point with fermion pock-
ets and hotspots, Proc. Natl. Acad. Sci. U.S.A. 116, 16760
(2019).

[18] X. Y. Xu, Z. H. Liu, G. Pan, Y. Qi, K. Sun, and Z. Y.
Meng, Revealing fermionic quantum criticality from new
Monte Carlo techniques, J. Phys.: Condens. Matter 31, 463001
(2019).

[19] X. Y. Xu, A. Klein, K. Sun, A. V. Chubukov, and Z. Y.
Meng, Identification of non-Fermi liquid fermionic self-energy

from quantum Monte Carlo data, npj Quantum Mater. S, 65
(2020).

[20] J. Aguilera Damia, M. Solis, and G. Torroba, How non-Fermi
liquids cure their infrared divergences, Phys. Rev. B 102,
045147 (2020).

[21] H. Guo, Y. Gu, and S. Sachdev, Linear in temperature resistivity
in the limit of zero temperature from the time reparameteriza-
tion soft mode, Ann. Phys. (NY), 418 168202 (2020).

[22] Y. Gu, X.-L. Qi, and D. Stanford, Local criticality, diffusion
and chaos in generalized Sachdev-Ye-Kitaev models, J. High
Energy Phys. 05 (2017) 125.

[23] Y. Wang and A. V. Chubukov, Quantum phase transition
in the Yukawa-SYK model, Phys. Rev. Res. 2, 033084
(2020).

[24] Y. Wang, Solvable Strong-Coupling Quantum-Dot Model with
a Non-Fermi-Liquid Pairing Transition, Phys. Rev. Lett. 124,
017002 (2020).

[25] 1. Esterlis and J. Schmalian, Cooper pairing of incoherent elec-
trons: An electron-phonon version of the Sachdev-Ye-Kitaev
model, Phys. Rev. B 100, 115132 (2019).

[26] D. Hauck, M. J. Klug, L. Esterlis, and J. Schmalian,
Eliashberg equations for an electron—phonon version of
the Sachdev—Ye—Kitaev model: Pair breaking in non-Fermi
liquid superconductors, Ann. Phys. (NY) 417, 168120
(2020).

[27] G. Pan, W. Wang, A. Davis, Y. Wang, and Z. Y. Meng, Yukawa-
SYK model and self-tuned quantum criticality, Phys. Rev. Res.
3, 013250 (2021).

[28] J. Kim, X. Cao, and E. Altman, Low-rank Sachdev-Ye-Kitaev
models, Phys. Rev. B 101, 125112 (2020).

[29] J. Kim, E. Altman, and X. Cao, Dirac fast scramblers, Phys.
Rev. B 103, L081113 (2021).

[30] T. Azeyanagi, F. Ferrari, and F. I. Schaposnik Massolo, Phase
Diagram of Planar Matrix Quantum Mechanics, Tensor, and
Sachdev-Ye-Kitaev Models, Phys. Rev. Lett. 120, 061602
(2018).

[31] R. Smit, D. Valentinis, J. Schmalian, and P. Kopietz, Quantum
discontinuity fixed point and renormalization group flow of the
SYK model, arXiv:2010.01142.

[32] H. Wang, A. L. Chudnovskiy, A.r Gorsky, and A. Kamenev,
Sachdev-Ye-Kitaev superconductivity: Quantum Kuramoto and
generalized Richardson models, Phys. Rev. Res. 2, 033025
(2020).

[33] C. Setty, Pairing instability on a Luttinger surface: A non-Fermi
liquid to superconductor transition and its Sachdev-Ye-Kitaev
dual, Phys. Rev. B 101, 184506 (2020).

[34] Y. Cheipesh, A. 1. Pavlov, V. Scopelliti, J. Tworzydto, and
N. V. Gnezdilov, Reentrant superconductivity in a quantum
dot coupled to a Sachdev-Ye-Kitaev metal, Phys. Rev. B 100,
220506(R) (2019).

[35] M. Imada, A. Fujimori, and Y. Tokura, Metal-insulator transi-
tions, Rev. Mod. Phys. 70, 1039 (1998).

[36] P. Limelette, A. Georges, D. Jérome, P. Wzietek, P. Metcalf,
and J. M. Honig, Universality and critical behavior at the Mott
transition, Science 302, 89 (2003).

[37] S. V.Isakov and R. Moessner, Interplay of quantum and thermal
fluctuations in a frustrated magnet, Phys. Rev. B 68, 104409
(2003).

[38] T. Paiva, R. R. dos Santos, R. T. Scalettar, and P. J. H.
Denteneer, Critical temperature for the two-dimensional

195108-8


https://doi.org/10.1103/PhysRevLett.117.157002
https://doi.org/10.1103/PhysRevLett.119.157001
https://doi.org/10.1038/nature01774
https://doi.org/10.1038/s41586-020-2052-z
https://doi.org/10.1103/PhysRevLett.124.076801
https://www.nature.com/articles/s41567-020-0825-9
https://doi.org/10.1103/PhysRevB.103.165131
https://doi.org/10.1103/PhysRevLett.70.3339
https://doi.org/10.1103/PhysRevX.5.041025
https://doi.org/10.1007/JHEP05(2018)183
https://doi.org/10.1080/0001873021000057123
https://doi.org/10.1103/PhysRevB.82.075127
https://doi.org/10.1103/PhysRevB.82.075128
https://doi.org/10.1103/PhysRevB.98.045116
https://doi.org/10.1073/pnas.1901751116
https://doi.org/10.1088/1361-648X/ab3295
https://doi.org/10.1038/s41535-020-00266-6
https://doi.org/10.1103/PhysRevB.102.045147
https://doi.org/10.1016/j.aop.2020.168202
https://doi.org/10.1007/JHEP05(2017)125
https://doi.org/10.1103/PhysRevResearch.2.033084
https://doi.org/10.1103/PhysRevLett.124.017002
https://doi.org/10.1103/PhysRevB.100.115132
https://doi.org/10.1016/j.aop.2020.168120
https://doi.org/10.1103/PhysRevResearch.3.013250
https://doi.org/10.1103/PhysRevB.101.125112
https://doi.org/10.1103/PhysRevB.103.L081113
https://doi.org/10.1103/PhysRevLett.120.061602
http://arxiv.org/abs/arXiv:2010.01142
https://doi.org/10.1103/PhysRevResearch.2.033025
https://doi.org/10.1103/PhysRevB.101.184506
https://doi.org/10.1103/PhysRevB.100.220506
https://doi.org/10.1103/RevModPhys.70.1039
https://doi.org/10.1126/science.1088386
https://doi.org/10.1103/PhysRevB.68.104409

PHASE DIAGRAM OF THE SPIN—% YUKAWA-SACHDEV-YE-KITAEV ... PHYSICAL REVIEW B 103, 195108 (2021)

attractive Hubbard model, Phys. Rev. B 69, 184501 [40] For a mean-field theory in finite spatial dimensions, Josephson’s

(2004).

[39] N. C. Costa, T. Blommel, W.-T. Chiu, G. Batrouni, and R. T.
Scalettar, Phonon Dispersion and the Competition Between
Pairing and Charge Order, Phys. Rev. Lett. 120, 187003 (2018).

195108-9

identity states that vd = 2, and in our model the dimensionality
d does not enter the theory. We have instead v = 2. We thank I.
Esterlis and J. Schmalian for sharing their unpublished results
with us on this.


https://doi.org/10.1103/PhysRevB.69.184501
https://doi.org/10.1103/PhysRevLett.120.187003

