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A critical point of the energy dispersion is the momentum where electron velocity vanishes. At the
corresponding energy, the density of states (DOS) exhibits nonanalyticity such as divergence. Critical points can
be first classified as ordinary and high-order ones, and the ordinary critical points have been studied thoroughly

by Léon van Hove, whose DOS is particle-hole symmetric and logarithmically divergent. In this work, we
describe and classify high-order critical points based on topology, scaling, and symmetry. We show that
high-order critical points can have power-law-divergent DOS with particle-hole asymmetry, and can be realized
at generic or symmetric momenta by tuning a few parameters such as twist angle, strain, pressure, and/or external

fields.
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I. INTRODUCTION

The density of states (DOS) of a solid plays an important
role in the thermodynamic properties. A large DOS can en-
hance response functions such as optical absorption and heat
capacity at the single-particle level, and magnify various elec-
tronic instabilities such as magnetism and superconductivity
with interactions. DOS can also affect transport properties
significantly.

The DOS in the energy domain is determined by band
dispersion in the Brillouin zone (BZ), and large DOS is
usually related to the so-called critical point in BZ, where
electron velocity vanishes and DOS exhibits nonanalyticity
such as divergence at the corresponding energy. Since electron
velocity is zero, the expansion of energy dispersion near a
critical point will be at least second order in momentum
deviation. When the second-order terms are nondegenerate,
we call this critical point an ordinary one, otherwise a high-
order critical point.

Léon van Hove studied the ordinary critical points in the
context of phonons [1], where he found, in two dimensions
(2D), due to the nontrivial topology of BZ, every smooth
energy dispersion will have at least two saddle points if critical
points are all ordinary. At the corresponding energy, DOS is
logarithmically divergent and is now known as the van Hove
singularity (VHS).

The high-order critical points have been proposed occa-
sionally in specific materials under different names in the
context of DOS singularity, including the so-called extended
VHS [2-8], multicritical points [9—-12], and high-order VHS
[13]. At the energy of a high-order critical point, the DOS
can be power-law divergent, stronger than ordinary VHS, and
hence we call it a high-order VHS of DOS.

In this work, we provide systematic analysis of high-order
critical points in an isolated band. We mainly focus on 2D,
but also include one-dimensional and three-dimensional cases
for completeness. Our analysis is based on three general
principles: Topology, scaling, and symmetry.
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Topology of a critical point describes the asymptotic be-
havior away from the point, which has been applied by van
Hove in studying ordinary critical points. When critical points
are not limited to ordinary ones, topology still applies, and
the general theory includes van Hove’s results as a corollary.
Scaling and symmetry of a critical point describe the asymp-
totic behavior close to the point, which are beyond van Hove’s
framework.

We find that high-order critical points can be generally
realized by tuning the system with one or more parameter
such as twist angle, strain, pressure, and/or external fields.
When the critical point is at a generic point without addi-
tional symmetries, the number of tuning parameters is, in
fact, determined by scaling as well. The number of tuning
parameters can be reduced when the high-order critical point
is at a symmetric point.

Recent experimental progress in two-dimensional moiré
superlattices such as twisted bilayer graphene [14—17] and
graphene heterostructures [18-21] has enabled us to contin-
uously tune electronic band structures in two-dimensional
systems, where high-order VHS can be realized at symmetric
points [13] or generic positions [22], and could be relevant
to experimentally observed insulating and superconducting
phases at magic angle [14—16].

This work is about the single-particle physics at zero tem-
perature. Interaction effects between ordinary saddle points
have been studied intensively [23-32], and some theoretical
treatments have been carried out for high-order critical points
[9,33]. The high-order critical points can also affect transport
properties at finite temperature such as the thermoelectric
effect [34].

This paper is structured as follows. In Sec. II we de-
fine ordinary and high-order critical points [1,13]. We then
describe the topology, scaling, and symmetry of (high-
order) critical points in one dimension (1D) (Sec. III), 2D
(Sec. 1V), and three dimesions (3D) (Sec. V), respectively.
Finally in Sec. VI we focus on high-order critical points
that can be realized by tuning one parameter. Our results
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also apply to other quasiparticles such as phonons and
magnons.

II. ORDINARY AND HIGH-ORDER CRITICAL POINTS

A critical point is the momentum where electron velocity
vanishes, which can be local extrema or saddle points of the
energy dispersion. Throughout this paper we set the critical
point to be at zero energy £ = 0 and zero momentum p = 0
if not specified otherwise.

One can expand the energy dispersion in the vicinity of
p = 0. To the second order, the Taylor expansion is

E = D;jpip;, (1)
where D is the symmetric Hessian matrix. Eqquation (1) is
homogeneous and second order, satisfying E ()ﬁ Dx» Az Dy) =
AE(py, py) with arbitrary A > 0. By a linear coordinate trans-

form p = Up [U is a rotation matrix in SO(2)], the dispersion
can be written as the canonical form in the new coordinate

E =ap + Bp;, @)

where o, f # 0 are eigenvalues of D. When «, § > 0O the
critical point is a local minimum, when «, 8 < 0 a local
maximum, and when a8 < 0 a saddle point.

At a given energy, the energy contour near an extremum
(minimum or maximum) is a closed loop, and the DOS near
an extremum has a discontinuity at E = 0. The energy contour
near an ordinary saddle point consists of two curves, which
intersects at p = 0 when E = 0. The DOS near such saddle
point is logarithmically divergent [1].

Since a8 # 0, the critical point is called ordinary, which
is a nondegenerate quadratic form of the momentum (py, py).
When all critical points are ordinary (1), due to the toric
topology of the two-dimensional Brilluoin zone, there exist
at least one minimum, one maximum, and two saddle points
[1]. To illustrate this, one can draw energy contours on the
torus as shown in Fig. 1. Since the torus is finite, the contours
will start and end with points, which correspond to a minimum
and a maximum. Furthermore, there are two types of energy
contours on the torus, i.e., the contractible and noncontractible
loops. By continuity, there will exist two transition points
where a contractible loop bifurcates into two noncontractible
loops, which correspond to two ordinary saddle points.

However, the topological argument above in fact only
guarantees the existence of critical momentum points, but
does not specify the detailed dispersion in their vicinity. When
the energy dispersion is tuned continuously with one or more
external parameters (such as pressure, strain, displacement
field, magnetic field. etc.), the quadratic form of energy dis-
persion near a critical point can be made degenerate

V,E =0, detD=0, 3)

and then high-order terms must be included in the Taylor ex-
pansion. The resulting high-order critical point is the subject
of this study.

As a concrete example, we consider the high-order critical
point introduced in Ref. [13], encountered when one of the
quadratic coefficients is tuned to zero,

E = ap} +yp.ps +Kpy. @)

FIG. 1. Energy contours of a smooth energy dispersion defined
on the torus.

This dispersion is quasihomogeneous with scaling property
E ()»% Dx» % Dy) = AE(py, py). Under the nonlinear coordinate
transform p, = p, +y p;/(2a), p, = p,, the dispersion can
be recast into the canonical form

2 Y2\
E =oap; + <IC 4a)py. 5)
When 4ak — y? > 0 the critical point is a local minimum
(o > 0) or maximum (« < 0), and when 4ak —y? <0 a
saddle point. The energy contour near an extremum is still
a closed loop, and the energy contour near a saddle point
is still formed by two curves. When 4ax — y? =0, even
higher-order terms need to be included.

Unlike ordinary saddle points, the two energy contours
at energy E = 0 touch rtangentially at the high-order sad-
dle point p = 0, and the DOS is power-law divergent with
exponent —i [13].

In addition to the difference in DOS divergence and scaling
property of energy dispersion, ordinary and high-order critical
points also exhibit different behaviors under perturbations.
Perturbations could generate new terms in the Taylor expan-
sion besides modifying the original dispersion. An ordinary
critical point is robust under perturbations, as zeroth-order
Ey and linear perturbation V - p only shift the momentum
and energy of critical point, second-order perturbations will
slightly modify the Hessian matrix, and third- or higher-order
perturbations do not affect the asymptotic behavior near p = 0.
In contrast, the high-order saddle point in Eq. (4) can split into
two ordinary saddle points and one local extrema under per-
turbations [13]. As will be shown later, the DOS divergence
and response to perturbations are both closely related to the
scaling behavior of energy dispersion.

Besides Eq. (4), there exists many other types of high-order
critical points, some of which require tuning more than one
parameter. We would like to classify different types of (high-
order) critical points within an isolated band and determine
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the appropriate Taylor expansion of energy dispersion in the
vicinity of the critical point p = 0:

€ =Dijpipj + UijpiPipk + -+ - - ©)

From the examples of ordinary and high-order critical points
discussed in this section, we find that scaling property is
important in determining the allowed form of dispersions near
critical points. In addition, the topology of the critical point
(i.e., saddle point or local extrema) constrains the sign of
coefficients in the Taylor expansion.

III. HIGH-ORDER CRITICAL POINTS IN 1D

As discussed above, our strategy is to use topology and
scaling to classify critical points. To illustrate our strategy
explicitly, we analyze critical points in 1D in terms of topol-
ogy and scaling. The dispersion can be easily written down as
&€ = D,p" with n = 2 denoting ordinary and n > 3 denoting
high order, and we then need to determine integer n and
coefficient D, by topology and scaling.

In 1D, the carrier is either a left-mover or a right-mover.
On the two sides away from a critical point p = 0, carriers can
have the same or opposite types of movers, which is described
by the fopological index

= 1 [sgnv(4+8) — sgnv(—3)], @)

where v = d&/d p is the velocity and p = 0 is the only critical
point in the interval [—§, 46]. For critical point £ = D, p", the
topological index is determined by the sign of coefficient / =
%[1 + (—1)"]sgn(D,). For example, the ordinary critical point
has topological index I = sgn(D;) = £ while a high-order
critical point n = 3 has topological index I = 0. In this way,
we relate both the integer n and coefficient D, to topology.
As a byproduct, since our dispersion is defined with
periodic boundary condition, after winding around the BZ
(a circle), the velocity should go back to itself. As a result,
the total topological index over the whole BZ should be zero

S =o0. ®)

Since dispersion is bounded, it will at least have a minimum
and a maximum, which already satisfies the topological con-
straint (8). Hence there can be situations with no saddle points
in 1D. The results can be different in 2D and 3D as discussed
in later sections.

Next we find the scaling property £(Ap) = D,(Ap)" =
A"E(p) is purely determined by the integer n. There are two
ways to reveal the scaling property. First, one can compute
the DOS p, which diverges p(€) o |€]” with power-law ex-

ponent v = .- — 1, for example, at an ordinary critical point

1
n:2,v:—§.

Second, we can add perturbations /; to the dispersion £ =
D,p" + Z’]’;{ hip’. As € is a polynomial of degree n, d€/dp
is of degree n — 1 and the equation d€/dp = 0 has at most
n — 1 real solutions. In other words, the critical point E(p) =
D, p" will split into at most u = n — 1 critical points under
perturbations.

In the above discussions, we derive topology and scaling
from the explicit form of energy dispersion. However, we can
also do it reversely, i.e., derive the explicit form of energy

dispersion from topology and scaling. This can be writ-
ten as the one-to-one correspondence (n, sgnD,,) <> (I, v) <
(1, n), provided the compatibility conditions I = p(mod 2)
and 1?2 < 1. Since |D,| cannot be reproduced, the dispersion
obtained in this strategy is unique up to an invertible and
smooth coordinate transform.

We will employ this strategy and generalize results in this
section to 2D and 3D in Secs. IV and V, respectively, where
symmetry also constrains the form of energy dispersion.

IV. HIGH-ORDER CRITICAL POINTS IN 2D

In this section, we classify critical points and hence DOS
singularities of the two-dimensional Taylor expansion (6)
according to topology, scaling properties, and symmetry.

A. Topology

We now introduce an integer topological index for the
critical point p = 0 in 2D

1 dv, +id
] = —1Im ?g L{UV’ )
2w ¢ Vx iy

which is the winding number of the velocity field v = V,&
around the critical point 0. Here the counterclockwise contour
C encloses a single critical point 0 only. To ensure that
C always exists, it is assumed that the velocity field only
vanishes at isolated points. This condition is expected to hold
generically, as the alternative scenario of a line of critical
points generally requires tuning an infinite number of control
parameters.

As concrete examples, we can work out the velocity v =
2Dp of dispersion (1), and critical point p = 0 has topological
index I = sgn(det D) = +£1 for extrema (+4) or saddle points
(=)

For the high-order dispersion (4), the velocity is v =
Qapy+vy p%, 2y pxpy + 4k p%) and the topological index of
critical point p = 0 is I = sgn(dax — y?).

In both cases, the topological index is invariant under the
coordinate transform of momentum (linear or nonlinear), as
long as it is invertible and smooth. In fact, the topological
index of an isolated critical point can be computed by the

following formula:
r=io| (10)

where n,(n;,) is the number of segments in the energy contour
at £ > 0 (E < 0) within the region enclosed by C, and |x]
denotes the largest integer smaller than or equal to x. From its
definition (9), we find the topological index is invariant under
energy inversion E — —FE, which is reflected by the exchange
symmetry n, <> ny of Eq. (10).

To prove this formula, we just enumerate all cases of
isolated critical points. Near a local extremum, all the energy
contours are closed loops centered around the local extremum
itself, and we can then choose C to be an energy contour
at E # 0. Since velocity vectors are perpendicular to energy
contours, the counterclockwise winding angle of the velocity
along C is 2z [Fig. 2(a)], and the topological index of a
local extremum is / = 1. Formula (10) is thus valid for local
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FIG. 2. Winding of velocity vector (blue arrows) along the coun-
terclockwise contour C (solid arrowed curves). In (a) local minimum
(left) and local maximum (right), C is the energy contour at £ > 0 or
E < 0, respectively. In (b) and (c) saddle point, solid thick lines are
energy contours at E = 0 which divide the 2D plane into 2n sectors,
and the gray line £; connects energy contours C; at E > 0 in sector
i and Ciyy at E < 0 in sector i + 1, so that C =N, (C;N L;). In
(a), (b), and (c) the velocity vector is perpendicular to the energy
contour.

extrema where n, = 1,n, =0 for minimum, and n,=0,
n;, = 1 for maximum.

On the contrary, near a saddle point, the energy contours
are not contractible. Instead, the energy contour at £ =0
consists of several curves intersecting at the critical point,
which divide the two-dimensional momentum space into dif-
ferent sectors. By continuity of the energy dispersion in 2D,
energy contours at £ > 0 and £ < 0 will form an alternating
pattern in different momentum sectors, as shown in Fig. 2(b).
Hence n, = n;, = n and there are in total 2n sectors labeled
by i=1,...,2n, such that the sign of energy dispersion in
sector i is (—)'. We then choose C to be formed by energy
contours C; in all sectors, connected by lines £; near sector
boundaries, as shown in Fig. 2(c). Within each sector, the
winding angle of velocity vector along C is 6; — 7, where 6; is
the angle of this sector. The total winding angle along C hence
reads Zfi](Q,- —m) = lell 0; — 2nmw =27 (1 — n), and the
topological index of a saddle point is thus a nonpositive
integer given by I =1 —n < 0. Formula (10) hence also
applies to saddle points.

The total topological index of all critical points in the
whole momentum space reflects the topology of the toric BZ,
which is equal to its Euler characteristic [35]

S =0, an

This result is known as the Poincaré-Hopf theorem, which in
fact applies to any dimension as shown in Sec. III and will be
shown in Sec. V.

A smooth and bounded energy dispersion will have at least
one minimum and one maximum. According to Eq. (11) there
will also be at least one saddle point. When all critical points
are ordinary, there will be at least two ordinary saddle points,
which correspond to the case of van Hove [1]. When there is
only one saddle point, according to our topological argument,
its topological index must be —2, with three segments in each

energy contour, which will be discussed in Sec. IVF and
Appendix B.

B. Scaling

We rewrite the dispersion (6) as the sum of two parts
E(p)=E(@)+h-H(p). (12)

The first part, canonical dispersion E(p) has vanishing linear
terms VpE|,—o = 0 and is scale-invariant

E(Q'pe. X'py) = AE(pr py). - (A >0). (13)
with scaling exponents a, b > 0. All possible scaling expo-
nents of the analytic energy dispersions will be worked out in
the next subsection.

The second part, perturbation H is formed by monomials
not satisfying scaling property (13) and &k denotes corre-
sponding Taylor coefficients. For every monomial perturba-
tion H(p) (a component of H), we can work out its scaling
behavior under scaling the transform in Eq. (13)

HQOpy, Apy) = W H(py, py), v # 1. (14)

As we approach the critical point A — 07, the perturbation H
becomes relevant when y < 1 and irrelevant when y > 1.

We separated canonical dispersion and perturbations in
Eq. (6) according to the scaling property. In the following two
subsections we then study canonical dispersion and perturba-
tions, respectively.

C. Canonical dispersion

In addition scaling property, analyticity, and topology will
impose constraints to the canonical dispersion. In this subsec-
tion we show that the interplay between scaling property, an-
alyticity, and topology will eventually determine the possible
values of scaling exponents and the corresponding canonical
dispersions.

Since canonical dispersion is analytic, we can write

EP) =Y cudlpl (mn=012,..), (I5)

m+n>=2

where the vanishing of linear terms leads to the condition
m + n > 2. Here we construct a one-to-one mapping between
the monomial p py and the ordered integer pair (m, n). Com-
bining the analyticity condition (15) and scaling property (13),
we find the scaling exponents a, b should satisfy ma + nb = 1
if monomial (m, n) is allowed in the canonical dispersion.
This motivates us to construct the canonical dispersion as
follows.

We first choose two pairs of integers (my, ny) and (my, ny)
to determine scaling exponents a = (n, — ny)/A, b = (m; —
my)/A, where A =mny; —myny #0 and (m; — my)(n; —
ny) < 0. To make p = 0 a critical point, we further require
m; +n; > 2fori = 1, 2. After determining scaling exponents
a, b, we then work out all integer solutions (m, n) to the equa-
tion ma + nb = 1 and hence determine the form of canonical
dispersion. To find out all integer solutions, we can draw
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FIG. 3. Integer grid in 2D, where each dot denotes a pair of inte-
gers (m, n) with 0 < m, n < 4, and each line ma + nb = 1 denotes a
pair of scaling exponents (a, b) with a, b > 0. There are two pairs of
integers on the green line, three pairs of integers on the red and blue
lines and five pairs of integers on the yellow line.

the line ma 4+ nb = 1 in the two-dimensional integer grid as
shown in Fig. 3, and count all integer dots on the line. In the
following we consider some specific examples to work out
this procedure explicitly.

When we choose integer pairs (2, 0) and (0,2) we find a =

%, b= %, and there are three pairs of integer solutions to %m +
%n = 1 as shown in the red line of Fig. 3, which correspond
to three terms p3, p,py. p; in the dispersion (1) of an ordinary
critical point.

When we choose integer pairs (2, 0) and (0,4) we find a =
%, b= }‘, and there are three pairs of integer solutions to %m +
in = 1 as shown in the blue line of Fig. 3, which correspond
to three terms p?, p,p;, py in the dispersion (4) of a high-order
critical point.

When we choose integer pairs (3, 0) and (0,4) we find
a= % b= }1, and there are only two pairs of integer solutions

to %m + }‘n =1 as shown in the green line of Fig. 3, which
correspond to the high-order critical point Eg discussed in
Sec. IVF.

In fact the two pairs of integers cannot be chosen arbi-
trarily. For example, ma 4 nb = 1 cannot be parallel to one
of the axes. Formally, this is a topological requirement: We
require the canonical dispersion to contain isolated critical
points only. As a result, the canonical dispersion has to contain
at least two terms, which are either {p7, pﬁ}, (P Dy, pz},
{PY. pePy}s or {pY py, pxpy}, known as principal classes. If all
principal classes are excluded, the canonical dispersion will
have the common factor p? or pg, making p, =0orp,=0a
critical line, respectively.

Up to an exchange of p, and py, {p}'py, pi} and {p}, pxp}
are equivalent and there are three inequivalent principal
classes, which determine the possible scaling exponents of an

isolated critical point as (m, n > 2)

m n\. 1 1
P, o} a=—, b=-, (16)
m n\. _n_] _l
{Pipy. i} a= —, b=-, (17)
m n\. _ n—1 _ m—1
{Pippar) a=——— b=——0. (18)

Notice that principal classes are necessary, but not sufficient
conditions for isolated critical points. Even with terms in
principal classes, when the coefficients are fine tuned (e.g.,
forming a complete square), the critical point can also not be
isolated.

To summarize, the general procedure to work out the
canonical dispersion of an isolated critical point has two steps.
We first choose a pair of scaling exponents (a, b) in Egs. (16)
to (18), and then work out all allowed terms in the canonical
dispersion according to all integer solutions (m, n) to the
equation ma + nb = 1, as shown in Fig. 3.

As another application of scaling property, in the following
we will discuss the DOS of canonical dispersions.

D. Density of states

The critical point p = 0 of canonical dispersion corre-
sponds to a DOS singularity at E = 0. According to its
definition

_ [P
p(s)-/ma[e—E(pn, (19)

the DOS of canonical dispersion is also scale-invariant
p(re) = AP~ 1 p(g), and hence follows the power law p(¢g)
le|” with exponent v =a + b — 1.

From the results of possible scaling exponents in Eqgs. (16)
to (18), DOS exponent v can only take specific rational values
in the range —1 < v < 0. When v = 0, the critical point is
ordinary, and the DOS singularity at £ = 0 can be discon-
tinuity (extrema) or logarithmic divergence (saddle points).
When v < 0, E = 0 is a power-law-divergent singularity of
DOS. The exponent v = —1 can only be approached when
m, n — oo. A given value of v may correspond to more than
one pair of scaling exponents.

Since the scaling parameter has to be positive A > 0, p(¢)
and p(—e¢) cannot be related by scaling property (13). Instead,
they can be related by the analyticity of Green’s function
G(e) = fp [e — E(p)]~!, whose imaginary part determines
DOS p(g) = —ImG(e + i0") /7. Combine this property with
the scaling property and we can write the DOS of the canoni-
cal dispersion in the following compact form:

e <0,
e >0,

cos 6,

cos(f + vm), (20)

p(e) =Re(Ce”) = |Clle]" x {

where C = |C|e® is a complex number with & > 0 as the
branch cut of &". For local minima, 6 = %n, while for local
maxima 6 = (% —v)rr. For a saddle point the particle-hole
asymmetry ratio n = p(—|e|)/p(le]) = cos 8/ cos(6 + vm) is
well defined and nonzero.
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The ordinary saddle point (1) has v = 0 and 6 = 0, hence
the DOS peak is logarithmically divergent and particle-hole
symmetric.

The high-order saddle point (4) has v = —i and 6 =0,
hence the DOS peak is power-law divergent with exponent
_41'1 but particle-hole asymmetric with asymmetry ratio n =

sec(vmr) = V2 [13].

E. Perturbation

Next we add perturbations to the canonical dispersion and
find out the evolution of critical points. With irrelevant pertur-
bations only, the critical point at p = 0 is not affected since
irrelevant perturbations become negligible when approaching
p = 0. As a result, the total DOS is asymptotically power-law
divergent (20) as ¢ — 0, up to a nonsingular background
contribution [13].

With relevant perturbations only, the total dispersion (12)
can have m > 1 critical points, whose properties depend on
coefficients k. If we allow h to vary freely (i.e., without
constraints from symmetry etc.), then the maximal number
@ = max{m} of critical points in Eq. (12) is only determined
by the scaling property of canonical dispersion [36—39]

w= @' ="' =1. (1)

We define the positive integer p as the multiplicity (also
known as the Milnor number) of the critical point (13). From
all the possible scaling exponents in the three principal classes
in Egs. (16) to (18), we can also work out the corresponding
multiplicity in each class. It can be found that a given multi-
plicity can correspond to more than one canonical dispersion,
which can belong to the same or different principal classes.

We find u = 1 for the ordinary critical point (1), namely
ordinary extrema and saddle points are robust against per-
turbations and do not need additional tuning of the band
structure [1]. For high-order critical point (4), u = 3, and
under perturbations it will split into, at most, three ordinary
critical points. When high-order critical point (4) is at a
generic point, one needs to tune two parameters to realize it,
while at a mirror-invariant point only one parameter is needed,
such as the twist angle in twisted bilayer graphene [13].

For a critical point with multiplicity u, the number of in-
dependent relevant perturbations is, at most, u — 1 since this
critical point will split into, at most, p critical points. Details
and examples of relevant perturbations will be discussed in
Secs. IVF and IVG.

At last we discuss the relation between the topological
index and multiplicity of an isolated critical point. A critical
point with topological index I and multiplicity p© will even-
tually split into, at most, e ordinary extrema and s ordinary
saddle points under perturbations, which obey e + s = © and
e —s = 1. To ensure that e, s are both positive integers, i
and [ should have the same parity and p > |I|. In fact, this
inequality can be stronger [35]
I’ < p,

1<1, I = u(mod2). (22)

Conversely, if two integers w,I satisfy the compatibility
conditions above, there always exists a critical point with
topological index / and multiplicity w.

We then apply Eq. (22) to specific cases. When pu =
1, from conditions (22) the topological index can only be
I = £1, namely only ordinary critical points in Eq. (1) are
robust against perturbations. When p = 3, the topological
index can only be I = %1, namely only high-order critical
points in Eq. (4) can split into three ordinary critical points
(e=1,s=2,I=—1lore=2,s=1,1 =+1).

The multiplicity of a local extremum is always odd since
its topological index I = 1 is odd, while the multiplicity of a
saddle point can be any nonpositive integer. These results will
find explicit applications in the following subsections when
we discuss specific examples of critical points.

F. Simple versus complicated critical points

We can introduce two different classification schemes for
critical points in 2D. One way is to classify the critical point
by DOS exponent. Notice that in 1D, the DOS of an ordinary
critical point is already power-law divergent with exponent
—1. When v > —1, the critical point is called simple, and
when v < —% the critical point is complicated.

We find three classes of simple critical points in 2D: A

class with b = %, D class with 2a + b =1, and E class with
b= %, up to an exchange of a and b. Among them, A and D
classes are infinite series, while the E class consists of three
inequivalent critical points. In the following we will derive the
canonical dispersions of simple critical points, depending on
the topology and scaling.

The saddle point in the A class can have any integer
multiplicity u > 1 with canonical dispersion

-, (23)

AIL — piHrl
while the local extremum in the A class can only have odd
multiplicity u = 2n — 1 (n > 1) with canonical dispersion

A=+ (24)

The odd multiplicity of a local extremum is due to constraint
(22) as discussed in the last subsection.

Notice that A;, A} describe ordinary critical points (1) and
(2), and A3, A} are the high-order critical points in Eqgs. (4) and
(5). As shown in Fig. 4, A,, denotes a beak point of a single
energy contour, with topological index 0. While A,,_; denotes
a merging point of two energy contours, with topological
index —1.

The simple saddle point in the D class with multiplicity
has one of the following two canonical dispersions:

D,=pipy—p", D,=pipy+pi". (29

Notice that D,,_; and D), , are equivalent upon coordinate
transform p, — —p,.

As shown in Fig. 4, D,, describes three energy contours
merging at the singular point with topological index —2. On
the other hand, D,,_; describes one straight energy contour
meeting with another energy contour at its beak point, and
the topological index is —1. Notice that for low multiplicity
u <3, Dy describes a singular line p, =0 instead of an
isolated singular point, D, is regular at p =0, and Dj is
equivalent to A3 according to the scaling property as shown
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A, Ag

B E 0 . =
Py Py Py

FIG. 4. Energy contours of A and D classes, where the origin is the critical momentum point, colors denote energy (orange is higher and
blue is lower), and black lines are energy contours at critical point energy. Here C; = Re[(p, + ip,)*], Ds = p’p, — pi and C; = D, means
they are equivalent up to a linear coordinate transform.
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P

X

FIG. 5. Energy contours of E and C classes, where the origin is the critical momentum point and black lines are energy contours at critical
point energy. The continuous parameters of all three C classes are the same r = —0.4.

in Appendix A. In the following we always require p > 4 in
the D class.

Critical points in the E class are all saddle points,
whose multiplicity can only be pn = 6,7, 8 with canonical
dispersions

Es=p,+p,, Er=pp+p,. Es=p,+p, (26)

and the topological index is I(E,) = %[(—)" — 1]. The nergy
contours of the E class are shown in Fig. 5.

The topological index, multiplicity, DOS exponents, and
asymmetry property of simple saddle points are summarized
in Table I. We find that the scaling exponents and topological
index can uniquely determine the dispersion of a simple
critical point up to a coordinate transform, just like the one-
dimensional cases in Sec. III. In fact, one-dimensional cases
are equivalent to the A class.

Under the relevant perturbations listed in Table II, a simple
critical point can split into simple critical points with lower
multiplicities through a topological transition [36-39]. The

TABLE L. Properties of saddle points in classes A, D, D', E, C.In classes A and D, even/odd denotes the parity of integer n, the asymmetry
of the DOS peak is either described by angle 6 or n = cos6/cos(6 + vmr). In classes C, |r| < 1, Argz is the phase of complex number z, K(s)
is the complete elliptic integral of the first kind, F, (s) = zFl(%, %, 1; s) is the hypergeometric function, and the argument is s = 2/(r 4 1). The

DOS exponent also applies to local extrema of the same class.

Critical point Topological index Multiplicity DOS exponent DOS asymmetry

Ay (n>=1) =11 = (=) n -3 6 = 525 (even), 6 =0 (odd)
D, (n>4) —1B+ (=) n o 3 n=1(even), 6 =% (odd)
D, (n>2) 0 2n T 3 n=1

Es 0 6 2 =%

E; -1 7 -3 n=1

Eg 0 8 —17—5 n=1

(o} —1 9 -1 6 = —ArgK(s)

C,(n=4,6) 1—n (n—1)7? 21 0= (3 —2)m — ArgF,(s)
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TABLE II. Canonical dispersions, relevant perturbations, and scaling exponents of critical points in classes A, D, E, C, where C has a
single continuous parameter r # £1. In perturbation, H (G) denotes the linearly independent perturbations allowed at the momentum point
with symmetry group G. When G = {1} we denote H (G) simply as H. As mentioned previously, H(D,) = H(C,,) in 2D.

Critical point Canonical dispersion

Relevant perturbation Scaling exponents

A, (n=1) Pt £ pl H=HWM,)={pl1<j<n—1} a=—5, b=3
HM,) ={pY|1 <j< %(n—l)} (n is 0dd)

D, (n>4) pipy £ pi! H— {px,Pwpfll n_3} o= 2(”71:21)’ b= L
H(M)—{px,pfll <n-3)

Dy =G 3pipy — P, H(C3) = H(C3,) = {p*} a=b=1

Ee Pt P H = {p.. p%. py, ps1y. P21y} a=1 b=1
HM,) = {p, py. pip,}

Er Py ¥ 0y H = {p.. 2. P} Y Py Py ) a=2 b=!

B Pt p H = {pe. 3. Y. Py PxDy PiDy D2y} a=1 bp=1!

G Re[(p. +ipy)’1p* +rp* H(Cy) = [p2. P popy) a=b=1
H(Cy) = {p?, pi}

Gy (n=4.06) Re[(px +ip))" 1+ rp" H(C,)=H(C,)={pY|1<j< 41} a=b=1

intermediate and final products of such topological transitions
are summarized in Fig. 6.

Unlike simple critical points, complicated critical points
cannot be fully classified. In the next subsection, we will list
some examples of complicated critical points at symmetric
positions.

G. Symmetric versus generic critical points

Another way is to classify the critical point by symmetry.
At a momentum point with little group G, the dispersion has
to satisfy symmetry constraints

E(gp) = E(p).

When a critical point is invariant under mirror symmetry
M : p; - —p; (i =x or y), the simple critical point belongs
to either the A, A’ class, D, D' classes, or Eg class. We find that
some simple critical points can still satisfy mirror symmetry,
but the allowed perturbations may be restricted, as listed in
Table II.

When the critical point has twofold in-plane rotation sym-
metry C, : p — —p, simple critical points can only belong
to Az, or A}, , class (n > 1). In the presence of more

(Vg € G). Q@7

u= 1 2 3 4 5 6 7 8 9

A1 (—AZ (_A3 (—A4(—A5(_A6(—A7(—A8(_A9

D4_ «— D5§D6¥D']¥D8 — Dg

Eg « E; < Eg

FIG. 6. Hierarchy diagram of simple critical points (including
saddle points and local extrema). Under relevant perturbation, a
simple critical point can split to simple critical points with lower
multiplicities indicated by the arrows. Here A, D classes also include
variants A’, D’.

than twofold in-plane rotation symmetry, when second-order
terms do not vanish, we find the critical point can only be
an ordinary energy extremum A}, independent of in-plane
rotation symmetry.

Without second-order terms and with C3 symmetry, there
can be a simple saddle point C3 = Re[(p, + ipy)S], which is
equivalent to D4 up to a linear coordinate transform, denoted
as C3 = D4. When second-order terms vanish while C4 or Cg
symmetry is present, no simple critical point can exist. As
shown in Appendix B, one can realize C; saddle point at I"
or K points in the BZ of a triangular lattice.

The symmetry-restricted relevant perturbations of simple
critical points are summarized in Table II.

Besides simple critical points, we can consider the compli-
cated critical point whose dispersion is a homogeneous poly-
nomial of order N and symmetric under in-plane rotations.
The scaling exponents in this case are a = b = 1/N and the
multiplicity is u = (N — 1)>. When N is even, the critical
point can be a saddle point or a local extremum, while for odd
N the critical point can only be a saddle point. In the special
case of N = 2, the homogeneous critical point is ordinary, and
when N = 3 a simple saddle point Cs = Dy. In the following,
we consider complicated critical points with N > 4 which can
be usually realized at rotation-invariant momentum points.

When the critical point has C; symmetry, the homogeneous
dispersion can have order N = 4

C> = Re[(px +ipy)*1p* + rp’, (28)

and contains a continuous parameter |r| # 1, where p* =
p)% + pi. The multiplicity is 9, and the topological index is
I =sgn(|r] —1). When r = +1 or r = —1 there will be a
critical line p, = 0 or p, = 0, respectively.

With C,, symmetry (n = 4, 6), the homogeneous dispersion
can have order N = n

Co = Rel(px +ipy)"1 +rp", 29
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Z.On
1.5
— C&Cy
Ce
0.5
: r
-1.0 -0.5 0.0 0.5 1.0

FIG. 7. DOS asymmetry ratio n of C,, Cy, and C4 as functions of
the continuous parameter r € (—1, 1).

with a continuous parameter |r| # 1 and odd multiplicity
w = (n—1)>. When |r| > 1, the topological index is I = 1.
When |r| < 1 the topological index is I =1—n <0 and
p = I* holds. When |r| =1 there will be in critical lines
passing through the critical point with polar angles ¢ satis-
fying cosng = —r.

As shown in the second line of Fig. 5, when |r| < 1, the
saddle point C,(n = 2, 4, 6) describes an intersecting point of
n energy contours.

Critical points in the finite series of the C,, (n = 2, 3, 4, 6)
class can also exist at momentum points with symmetry
group G C C, or C,,, while the allowed perturbations may be
restricted. The canonical dispersion and allowed perturbations
for different symmetry groups are listed in Table II for the C
class critical points. The topological index, multiplicity, DOS
exponents, and asymmetry are summarized in Table I for the
C class saddle points.

We find that critical points C,, C4 have the same scaling
exponents a = b = i. Local extrema C,, C; have the same
topological index I = 1, saddle points C,, C4 have different
topological indices, but the same DOS asymmetry parameter
as shown in Fig. 7 together with that of Cg.

In the following, we introduce the general method to
describe critical points in 3D, also based on general principles
of topology, scaling, and symmetry.

V. HIGH-ORDER CRITICAL POINTS IN 3D

A. Topology

To describe the topology of a critical point in 3D, we can
introduce the topological index
1 . 0D v
= — V- — X _dp”dpj_ (30)
4 JIs  opy 9py

as the winding number of the group velocity v = V,& along
a closed surface S which encloses p = 0 as the only critical
point, where p, | are orthogonal coordinates on the surface
and 9 = v/|v|. To make the topological index well defined,
p = 0 has to be the only critical point in its neighborhood,
which is known as an isolated critical point. When we choose
spherical coordinates p, = 6, p; = ¢, the winding direction
of vischosenas 6 : —m — mand ¢ : 0 — 2.

As a concrete example, we consider an ordinary critical
point in 3D whose dispersion reads E = p'Dp with Hessian
matrix D. We work out the topological index I = sgn(det D).
Hence a local minimum has topological index / = +1 and a
local maximum has I = —1. For a saddle point, the topologi-
cal index can eitherbe / = +1or/ = —1.

In general the topological index of an isolated critical
point is

I'=n,—ny, €1y

where n.(n;,) is the number of patches of the energy surface
at £ > 0 (E < 0) within the region enclosed by S. From its
definition (30), we find the topological index in 3D is odd
under energy inversion E — —E, which is reflected by the
odd parity of Eq. (31) under exchange n, <> ny,.

To prove this formula, we notice that the solid angle of ve-
locity vector winding around an energy surface is (4w — Q2),
where €2 is the total solid angle of open regions and =+
applies to electron (hole) surface. Thus the total solid angle
of velocity vector winding around the surface S is Q =
4 (ne — ny) — (82, — 25,) where Q) is the total solid angle
of open regions in electron (hole) surfaces. Notice that by
continuity, the electron and hole surfaces will share the same
open regions 2, = €2, and the topological index is found to
bel = Q/(4r) = n, — ny,.

In 3D, we have the similar Poincaré-Hopf theorem

ZI,- =0. (32)

i

Due to the finite and periodic BZ, the smooth and bounded
energy dispersion will have at least one minimum and one
maximum. According to Eq. (32) there can be situations with
no saddle points in 3D. Unlike 1D, the dispersion in 3D
without saddle points usually requires additional tuning.

B. Scaling

The discussion of scaling properties in 2D can be general-
ized to 3D and also 1D without much modifications. The way
we define canonical dispersion and perturbations will be the
same, while the exponents are slightly modified.

The canonical dispersion in 3D also has vanishing linear
terms VE|,—¢p = 0 and is scale-invariant

E(\"py, Apy, 25p.) = AE(py, pys Do), (33)

with three scaling exponents a, b, ¢ > 0, where A > 0 is an
arbitrary positive number. The multiplicity and DOS exponent
of the canonical critical point are

p=@"' =D =" -1, (34)
v=a+b+c—1. (35)

The canonical dispersion of an isolated critical point has
to contain at least one of the seven principal classes listed in
Table III to avoid critical lines and critical planes, and hence
all the possible scaling exponents are exhaustively worked out
in Table III. For the same reason as in the two-dimensional
case, principal classes are necessary but not sufficient for the
isolated critical point.
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TABLE III. Principal classes and corresponding scaling expo-
nents for isolated critical points.

Principal Class Scaling Exponents

{2, pr. ) a=1 b=l c=1
{pr, v plpy} a=;. o=t

{Pr. Pipes Ppi] a=,, 2l e=2d

{r, Dz p.py} a= . = n[l_—]l’ c=

(P e pipe) a=g. b= e=on
{p;"py, Pips plsz} a= ,:llrr—l| . b= m/;ll’ c= ((rznn:ll);l[
{Pipy. Pipes PLpi} a=42, b=oopH, o= et

In 3D, due to similar reasons, we can derive the compati-
bility conditions

| <,

From scaling exponents in Table III, we find DOS is not
necessarily divergent as —1 < v < % The three-dimensional
high-order critical point with divergent DOS (v < 0) should
have even higher order than its two-dimensional counterpart.
In fact, for a given critical point with canonical dispersion
Eop(px, py), its trivial extension to 3D is given by

I = p(mod2). (36)

Esp(px, Py, P2) = Exn(pe, py) + WP, 37

with the following topological index, multiplicity, and DOS
exponent:

Lp =hp-sgnW, usp=pop, vip=vmp+3. (38)

By trivial extension, simple critical points will not produce
divergent DOS but only complicated ones do.

In the following sections we study critical points which can
be realized by tuning one parameter, where we study two-
dimensional examples in Sec. VI A, and three-dimensional
ones in Sec. VI B.

VI. HIGH-ORDER CRITICAL POINTS WITH SINGLE
TUNING PARAMETER

In this section we consider the high-order critical points
which can be realized by tuning one parameter, which can
be twist angle, strain, pressure or external fields. In 2D, they
are A, at generic points, A3z, A} at mirror-invariant points,
and Cj, Cy4 at rotation-invariant points. In 3D, we consider
an example with cubic symmetry. In all these cases, the total
topological index is always conserved.

A. Two-dimensional examples

At generic points, only the A, saddle point can be stably
realized by tuning one parameter &

E = hp, + p, — p}. (39)

Under perturbation h, there will be at most two critical points
according to the multiplicity of A,. Since the topological index
of A, is 0, there are either two ordinary critical points with
opposite topological indices, or one A, critical point, or no
critical points in Eq. (39).

A,

0 I I I
-0.1 -0.0344 0 0.05 0.1
A,
1r —h<0/]
—h=0
—h>0
05" >
0 I I I
-0.1 -0.04 0 0.05 0.1
1
A,
—h<0
0.6 —h=0|
W04 —h>0-
0.2+ —
0 I
-0.1 -0.04 0 0.05 0.1
E

FIG. 8. DOS as the indicators of topological transitions in A,
and Az, A} critical point classes according to Eqs. (40) and (42),
respectively. In both figures, red, black, and blue lines denote
h=—-0.2,0, and 40.2, respectively. Black lines can also be de-
scribed by Eq. (20), where A, class has DOS exponent v = —é
and asymmetry parameter 7 = /3, while for Az class v = —% and

n =2, forAjclassv = —1andn=0.

To see the critical points explicitly, we can compute DOS
of dispersion (39). The DOS of dispersion (39) can be ex-
pressed in terms of the elliptic integral of the first kind K(z)

as
_ 1 1 21— 20
,0(8) - JTZRG{ A/ 21 —ZzK(Zl —Zz>}’ (40)

where z; = 10/f —ho ™/ f~' with w=e"/* and f=

GBI+ 1218 — Ze)' ",

As shown in Fig. 8, when /1 < 0 there is a logarithmic DOS
peak at ¢ = —2(|h|/3)%/? and a DOS drop at ¢ = 2(|h|/3)*/?,
induced by ordinary saddle point and local energy maximum
at momenta +(,/—h/3,0), respectively. On the contrary,
when /& > 0 the DOS is a smooth function of energy without
singularities. Right at 4 = 0, DOS has a power-law-divergent
singularity at E = 0 with exponent v = —% and particle-hole

asymmetry 7 = /3. These results are consistent with our
previous expectation.

At mirror-invariant points, A3 or A} critical point can be
stably realized by tuning one parameter h

E = —Ihp:+ p}+1p;, 41

where I = £ denotes the topological index for A%(+) or
A3(—). Under perturbation h, there will be at most three
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critical points according to the multiplicity. Since the topolog-
ical index is nonzero I # 0, there will be at least one critical
point in above dispersion.

The DOS of this dispersion can also be expressed in terms

of K(z) as [13]
= B () o ()]
\/Z_+ i+
(42)

NZEh e

where 74+ = h & +/h? + 4¢. Here the sign function is defined
as sgn(h) = —1 for h <0 and sgn(h) =1 for h > 0, and
Oh) = %[1 — sgn(—h)] is the step function.

As shown in Fig. 8, when i < 0 there is a logarithmic DOS
peak at ¢ = —h?/4 and a DOS drop at ¢ = 0, induced by two
ordinary saddle points at opposite momenta £(/—h/2,0)
and one local energy maximum at p = 0, respectively. On
the contrary, when & > 0 the DOS has only one logarithmic
peak due to the ordinary saddle point at energy ¢ = 0 and
momentum p = 0. Right at 2 =0, DOS has a power-law-

divergent singularity at £ = 0 with exponent v = —7 and

particle-hole asymmetry 1 = /2.

Saddle point A3 and topological transition can be re-
alized in twisted bilayer graphene by changing twist an-
gle [13,17], and also related to overdoped copper oxides
(Bi,Pb),Sr,CuOs45 [49].

While for A} local minimum, when / > 0 there is a DOS
drop at € = —h?/4 and a logarithmic DOS peak at & = 0,
induced by two local energy minimum at opposite momenta
+(/—h/2, 0) and one ordinary saddle point at p = 0, respec-
tively. When i < 0 the DOS has only one drop due to the ordi-
nary energy minimum at energy ¢ = 0 and momentum p = 0.
Right at 7 = 0, DOS has a power-law-divergent singularity
at E = 0 with exponent v = —% and particle-hole asymmetry
n=0.

With in-plane threefold rotation symmetry, Cs critical point
can be stably realized by tuning one parameter &

-, (43)

When & # 0, besides a local maximum (k& < 0) or minimum
(h > 0) at p = 0 and zero energy, there will be three ordinary
saddle points at momenta related by C3 symmetry and the
same energy 4/ /27. The sign of h determines the orientations
of these three ordinary saddle points as shown in Fig. 9(a).
This type of critical point and topological transition can be
realized in trilayer graphene on boron nitride by changing
vertical electric field [13].

With in-plane fourfold rotation symmetry, the Cy4 critical
point can also be stably realized by tuning one parameter &

E = hp* + Re[(p, + ip))*1 + rp*. (44)

When |r| < 1 and i # 0, besides a local maximum (2 < 0) or
minimum (2 > 0) is always found at p = 0 and zero energy,
there will be four ordinary saddle points at momentum mag-
nitude p = %|h(r — sgnh)~!| and energy —}Thz(r —sgnh)™!
As shown in Fig. 9(b), the four ordinary saddle points are
along the directions p,p, = 0if & < 0, otherwise p2 — p? = 0
if h < 0. This type of critical point and topological transition
can be realized in Sr3Ru,O7 by changing the magnetization of
Ru atoms [11,12].

E = hp* + 3pip,

V%A

a) Topological transition of C3 & Dy critical point.

h<0 h>0
b) Topological transition of Cy critical point with r = —0.4.

FIG. 9. Topological transitions of critical points C; and C; under
single perturbations. Contours denote energy contours with saddle
points.

When |r| > 1 and h # 0, a local maximum (k2 < 0) or
minimum (4 > 0) is always found at p = 0 and zero energy.
If Ar > 0, there are no more critical points. If Ar < 0, there
will be four ordinary saddle points at momentum magni-
tude p = %|h(r —sgnh)~!| and energy —%hz(r —sgnh)™!,
and four local energy minima at momentum magnitude

= %|h(r +sgnh)~!| and energy —ihz(r + sgnh)~!. When
h < 0,r > 0, ordinary saddle points are along the direction
PPy = 0 while local minima are along the direction p? —
p% = 0. And when & > 0, r < 0, ordinary saddle points are
along the direction p; — p; = 0 while local minima are along
the direction p,p, = 0.

Notice that in these topological transitions, the total topo-
logical index is always conserved.

B. Three-dimensional example

Near a critical point with cubic point group O;, and the
allowed canonical dispersion and perturbation to the fourth
order reads £ = Oy, + H with

Ow=pt+pt+pt+rpt, H=np (45)
where p* = pi + p} + p?, r is the continuous parameter of
the canonical dispersion and £ is the symmetry allowed per-
turbation. When h = O and r # —1, oL the originp =0
is an isolated critical point with scahng exponents a=b=
c= %. Hence the DOS exponentis v = —}1 and multiplicity is
n=27.

Under perturbation # # 0, the high-order critical point
will split into at most p = 27 ordinary critical points, which
can be grouped into four classes according to symme-
try. There will be one ordinary extremum at origin p =
0 with symmetry O, six ordinary saddle points at three
axes p; =p; =0, pr = £V _71h/(1 + r) with symmetry Cy,,
12 ordinary saddle points at six in-plane diagonals |p;| =
Ipjl =+ %lh/(l + 2r), px = 0 with symmetry C,,, and eight
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TABLE IV. The three-dimensional high-order critical point under perturbation. Here —0,, + 6Cy, + 8Cs, — 12C,, means one critical point
at origin (symmetry O;) with topological charge I = —1, six critical points at three axes (symmetry Cy,) with topological charge I = +1, eight
at four main diagonals (symmetry Cs,) with / = 41, and 12 at six in-plane diagonals (symmetry C,,) with / = —1. In all cases, the distribution

of total critical points preserve O;, symmetry.

Parameter range Topology Split under perturbation 7 < 0 Split under perturbation # > 0
r>—1 ne=1 n,=0, I=+41 —O0) + 6Cyy + 8C3, — 12C,, )

—%<r<—% I’le=1, nh:8, 1=-7 —0h+6C4u—12C2U 0;,—8C3U

-1 <I‘<—% n(,:6, n, = 1, I=+5 —0h+6C4U 0;,—8C3U+12C2U

r<-—1 ne=0, n,=1 I=-1 -0y O), — 6Csy, — 8Cs3y + 12C,
ordinary minimum at four main diagonals |p,| = |py| = natural corollary, and could be relevant in realistic materials

|p| = _TIh/(l + 3r) with symmetry Cs,. Here (i, j, k) is a
permutation of (x, y, z), and critical points within each group
are also related by O, symmetry.

When r > —%, the high-order critical point is a local mini-

mum with topological index I = 1. Under perturbation 2 < 0,
it will split into 27 ordinary critical points: one ordinary
maximum at origin, six ordinary saddle points with / = +1
at three axes, 12 ordinary saddle points with = —1 at six
in-plane diagonals, and eight ordinary minima at four main
diagonals. Under perturbation /# > 0, it does not split.
When —3 < r < —1, the high-order critical point is a
saddle point with topological index I = —7. Under perturba-
tion i < 0, it will split into 19 ordinary critical points: one
ordinary maximum at origin, six ordinary saddle points with
I = +1 at three axes, and 12 ordinary saddle points with
I = —1 at six in-plane diagonals. Under perturbation & > 0,
it will split into nine ordinary critical points: one ordinary
minimum at origin and eight ordinary maxima at four main
diagonals.

When —1 <r < —%, the high-order critical point is a
saddle point with topological index / = 5. Under perturbation
h < 0, it will split into seven ordinary critical points: one
ordinary maximum at origin and six ordinary saddle points
with 7 = 41 at three axes. Under perturbation 4 > 0, it will
split into 21 ordinary critical points: one ordinary minimum
at origin, eight ordinary maxima at four main diagonals,
and 12 ordinary saddle points with / = 41 at six in-plane

diagonals.
When r < —1, the high-order critical point is a local
maximum with topological index / = —1. Under perturbation

h < 0, it does not split. Under perturbation 2 > 0, it will
split into 27 ordinary critical points: one ordinary minimum
at origin, six ordinary maxima at three axes, eight ordinary
saddle points with / = —1 at four main diagonals, and 12
ordinary saddle points with / = 41 at six in-plane diagonals.

In all cases discussed above, the total topological index
does not change with perturbations, and the distribution of
total critical points preserve O, symmetry. The results are
summarized in Table I'V.

VII. CONCLUSION

To summarize, based on general principles of topology,
scaling, and symmetry, we systematically describe and clas-
sify critical points from 1D to 3D, especially high-order
critical points in 2D. Our results include ordinary VHS as a

such as two-dimensional moiré systems [13,17], ruthenate
[11,12,40—43], and cuprate [2—4,44-49] materials. As the
DOS near high-order critical points can be power-law di-
vergent and particle-hole asymmetric, we expect high-order
critical points can play important roles in transport phenom-
ena and interaction effects, which may help us to understand
correlated phases such as unconventional superconductivity
and non-Fermi liquid.

Note added in proof. Recently, we became aware of a
similar work by Chandrasekaran et al. [50]. We point the
reader to that reference as well. We thank Zhi-Cheng Yang
for recognizing that the works were similar, and bringing the
two groups into contact.
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APPENDIX A: COORDINATE TRANSFORMS

In this Appendix, we derive the canonical dispersions of
simple critical points. For a given simple critical point, we
first write down all terms satisfying the same scaling property
to form the bare dispersion, and then cast this bare dispersion
into a parameter-free binomial form by appropriate coordinate
transforms.

According to scaling exponents, the bare dispersion of
A,,_1 has three terms

E =ap!" + Bp;, + v Dipy (A1)
Under coordinate transform
=P By=pt ool (A2)
the dispersion becomes binomial
E=ap" + BPp, (A3)

with & = o — y2/(4p). Finally, after the scaling transforms
on momentum and energy

pr= Vlalpx, Py=+IBIPy, E=sgn@E (A4)
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we arrive at the parameter-free binomial form of the canonical
dispersion

E=p"+1Ip,. (AS)

where we dropped the tilde accent for simplicity, and I =
sgn(@p) = sgn(dap — y?) is the topological index.

According to scaling exponents, the bare dispersion of
D, 2(n > 2) has three terms

2n+1 n+1

E = apipy +Bp" +ypapyt (A6)
Under coordinate transform
_ Y w .
Pe=pPxt5oPy Py =Py (A7)
the dispersion becomes binomial
E=appy+pp"" (A8)

with B = B — y?/(4«). Finally, after the scaling transforms
on momentum and energy

= Vel

Px = —1 DPx»

ﬂ 2n+1

we arrive at the parameter-free binomial form of the canonical
dispersion

By =p7p,, E=sgn(@)E (A9)

E =pip,+ U+ Dpt,

where we dropped the tilde accent for simplicity, I =
sgn(4af — y?) — 1 is the topological index.

According to scaling exponents, the bare dispersion of Dy
has four terms

(A10)

E=ap}+apipy+aprs+aps. (Al

Under linear coordinate transform p = Ap where A € R>*?
has four independent parameters, this homogeneous disper-
sion becomes parameter-free

E = piby+ ), (A12)
which is canonical dispersion Dy4 or D) in Eq. (25).

Except for the critical points above, bare dispersions of
other simple critical points are all binomial and can be cast
into parameter-free forms in Sec. IV F under scaling trans-
forms on momentum and energy.

When the critical point has C, symmetry, the homogeneous
dispersion of order N = 4 has five terms

E = b\ p} + bapipy + bspip; + bapep, + bspy.  (Al3)

Under linear coordinate transform jp = Bp where B € R>*?
has four independent parameters, this homogeneous disper-

sion can contain one parameter
E = Rel(ps +ipy)'1p* +rp", (A14)

which is canonical dispersion C; in Eq. (28).

APPENDIX B: TIGHT-BINDING MODELS

In this Appendix, we propose three tight-binding models,
each with two independent tuning parameters but different
symmetries, and we can realize A,, A3, A}, C3, C4, O critical
points in these models. In all these tight-binding models, there

A

=77

FIG. 10. Energy contours of model Hamiltonian (B1) with ¢, =
%tx, ¢ = %rr (Left panel) and ¢, = %tx, ¢ = 0 (right panel) respec-
tively. In the left panel, A, class saddle point is realized at (%rr, 0),
while Aj is realized at (7, 0) in the right panel, both marked by stars.
In both cases t, = t,.

are always at least three critical points, and the total topolog-
ical index of all critical points is zero due to the constraint in
Eq. (11). Except the special cases mentioned below, all other
critical points of the tight-binding models are ordinary.

We first consider the following rectangular lattice tight-
binding model:

H, = Z - tya;a]ury — txa;ajur;c - t;e"’ba;aﬁgﬁ + H.c. (B1)
J

where #,, t,, ¢, > 0 are hopping amplitudes and ¢ denotes the
phase of hopping. The symmetry group of this model is Cj,
with mirror symmetry. This model could be relevant in some
ruthenate systems [40—43].

When 1/4 <1,/t, < 1/2, we can always find with an
appropriate phase ¢ = ¢(t,/t,) so that a saddle point of the A,
class is realized at a point of k, = 0 line. An example is shown
in the left panel of Fig. 10, where we find four critical points:
two saddle points Ay, A; at k, = 0 line, one local maximum,
and one local minimum which are both ordinary (i.e., A)).

When ¢/ /t, = 1/4, if ¢ = 0 a saddle point A3 is realized
at X = (7, 0), and a local maximum Ag is realized at M =
(w,m). If ¢ = 7, asaddle point Aj is realized at Y = (0, ),
and a local minimum A is realized at I' = (0, 0). In both
cases, the system has emergent C,, symmetry. In the example
shown in the right panel of Fig. 10, where we find four critical
points: one saddle point A;3 at X, one saddle point A; at Y,
one local maximum A} at M, and one local minimum A/ at T.

The tight-binding model (B1) is invariant under the op-
erationp > ¢+ 7,k >k +M,E — —E. Thus ¢ = 0 and
¢ = m are related as discussed above, and ¢ € [0, ) is suffi-
cient to capture the ¢ dependence of this system.

Next we consider a square lattice tight-binding model with
nearest, next-nearest, and next-next-nearest neighbor hopping
terms

3
Hy=—>"t, ) blb;.

n=1 (ij),

(B2)

where f1, %, € R are hopping integrals. The symmetry
group of this model is Cy,,, which contains mirror and fourfold
rotation symmetries. This model can be relevant in some
cuprate systems [2—4,49].
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7T 0 7T

.\.J.
O)
.K\.

7T 0 7T

@
-

FIG. 11. Left panel: Energy contours of model Hamiltonian (B3)
with , =0, d = %rr, and G5 class saddle point is realized at I’
point. Right panel: Energy contours of model Hamiltonian (B2) with
t, = —1.5t;,t3 = 0.5t;, and Cy class saddle point is realized at I'
point.

When %tl + t, 4+ 2t3 = 0, critical point Cy is realized at I'
point (Fig. 11, right panel), where ;3 > 0 corresponds to a
saddle point while #3 < 0 a local extremum. When —%tl +
ty + 2t3 = 0, critical point Cy is realized at M = (;r, &) point,
where 3 < 0 corresponds to a saddle point while #3 > 0 a
local extremum. In the above cases, when #3 = 0 there will
be two critical lines instead of a single critical point.

When :I:%tl — 1 + 2t3 = 0, critical point A3 or A} is real-
ized atboth X = (;r,0)and Y = (0, &) points due to fourfold
rotation, and the topological index depends on the details.

To realize C5 and O class critical points, we can use a
triangular lattice tight-binding model with nearest and next-
nearest neighbor hopping terms [13,20,21]

H,. = Z Ztleiq"c;rrcj, + Z tzclTrcjr , (B3)
=% | (ij) (i)

where T = £ denotes two orbitals, #; , > 0 are hopping am-
plitudes and & denotes the phase of hopping. The symme-
try group of this model is Cs,, which contains mirror and
threefold rotation symmetries. This model may be relevant in
moiré systems of trilayer graphene on boron nitride [18-20]
and transition metal dichalcogenides [21,22].

When 31, = —¢; cos ® but sin @ # 0, there will be the C;
class saddle point realized at I point of the BZ, as shown
in the left panel of Fig. 11. In this case we have, in total,
three critical points in the entire BZ: one saddle point C, at
I" point, ordinary local maximum and local minimum at £K,
respectively. Here three is the minimum number of critical
points allowed by topology (11).

When 3t, = —¢; cos @ and sin ® = 0, " point is a local ex-
tremum of O class and the system has emergent Cg, symmetry.

The dispersion of Eq. (B3) is invariant under trans-
form ® - & + 27 /3, k — k + K where K = (477 /3, 0). Af-
ter this transform, the criteria of high-order critical point at I"
point can be applied to £K points.

[1] L. Van Hove, The occurrence of singularities in the elastic
frequency distribution of a crystal, Phys. Rev. 89, 1189 (1953).

[2] A. A. Abrikosov, J. C. Camuuzano, and K. Gofron, Theory

of high-Tc superconducting cuprates based on experimental

evidence, Physica C 214, 73 (1993).

K. Gofron, J. C. Campuzano, A. A. Abrikosov, M. Lindroos,

A. Bansil, H. Ding, D. Koelling, and B. Dabrowski, Observation

of an “Extended” Van Hove Singularity in YBa,CusOg by

Ultrahigh Energy Resolution Angle-Resolved Photoemission,

Phys. Rev. Lett. 73, 3302 (1994).

[4] R. S. Markiewicz, A survey of the Van Hove scenario for high-
tc superconductivity with special emphasis on pseudogaps and
striped phases, J. Phys. Chem. Solids. 58, 1179 (1997).

[5] D. M. Newns, H. R. Krishnamurthy, P. C. Pattnaik, C. C.
Tsuei, and C. L. Kane, Saddle-Point Pairing: An Electronic
Mechanism for Superconductivity, Phys. Rev. Lett. 69, 1264
(1992).

[6] A. A. Abrikosov, Weakly screened Coulomb interaction and
properties of HTSC’s, Physica C 222, 191 (1994).

[71 R. J. Radtke and M. R. Norman, Relation of extended
Van Hove singularities to high-temperature superconductivity
within strong-coupling theory, Phys. Rev. B 50, 9554 (1994).

[8] J. L. McChesney, A. Bostwick, T. Ohta, T. Seyller, K. Horn,
J. Gonzalez, and E. Rotenberg, Extended van Hove Singularity
and Superconducting Instability in Doped Graphene, Phys. Rev.
Lett. 104, 136803 (2010).

[9] A. Shtyk, G. Goldstein, and C. Chamon, Electrons at the
monkey saddle: A multicritical Lifshitz point, Phys. Rev. B 95,
035137 (2017).

3

[

[10] R. R. Biswas, L. Fu, C. R. Laumann, and S. Sachdev,
SU(2)-invariant spin liquids on the triangular lattice with
spinful Majorana excitations, Phys. Rev. B 83, 245131
(2011).

[11] D. V. Efremov, A. Shtyk, A. W. Rost, C. Chamon, A. P.
Mackenzie, and J. J. Betouras, Multicritical Fermi Surface
Topological Transitions, Phys. Rev. Lett. 123, 207202 (2019).

[12] A. Tamai, M. P. Allan, J. F. Mercure, W. Meevasana, R. Dunkel,
D. H. Lu, R. S. Perry, A. P. Mackenzie, D. J. Singh, Z.-X. Shen,
and F. Baumberger, Fermi Surface and van Hove Singularities
in the Itinerant Metamagnet Sr,Ru;07, Phys. Rev. Lett. 101,
026407 (2008).

[13] N. F. Q. Yuan, H. Isobe, and L. Fu, Magic of high order van
Hove singularity, Nat Commun. 10, 5769 (2019).

[14] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi,
E. Kaxiras, and P. Jarillo-Herrero, Unconventional supercon-
ductivity in magic-angle graphene superlattices, Nature 556, 43
(2018).

[15] Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken, J. Y.
Luo, J. D. Sanchez-Yamagishi, K. Watanabe, T. Taniguchi,
E. Kaxiras, R. C. Ashoori, and P. Jarillo-Herrero, Correlated
insulator behavior at half-filling in magic-angle graphene su-
perlattices, Nature 556, 80 (2018).

[16] M. Yankowitz, S. Chen, H. Polshyn, Y. Zhang, K. Watanabe,
T. Taniguchi, D. Graf, A. F. Young, and C. R. Dean, Tuning
superconductivity in twisted bilayer graphene, Science 363,
1059 (2019).

[17] A. Kerelsky, L. McGilly, D. M. Kennes, L. Xian, M. Yankowitz,
S. Chen, K. Watanabe, T. Taniguchi, J. Hone, C. Dean,

125120-15


https://doi.org/10.1103/PhysRev.89.1189
https://doi.org/10.1103/PhysRev.89.1189
https://doi.org/10.1103/PhysRev.89.1189
https://doi.org/10.1103/PhysRev.89.1189
https://doi.org/10.1016/0921-4534(93)90109-4
https://doi.org/10.1016/0921-4534(93)90109-4
https://doi.org/10.1016/0921-4534(93)90109-4
https://doi.org/10.1016/0921-4534(93)90109-4
https://doi.org/10.1103/PhysRevLett.73.3302
https://doi.org/10.1103/PhysRevLett.73.3302
https://doi.org/10.1103/PhysRevLett.73.3302
https://doi.org/10.1103/PhysRevLett.73.3302
https://doi.org/10.1016/S0022-3697(97)00025-5
https://doi.org/10.1016/S0022-3697(97)00025-5
https://doi.org/10.1016/S0022-3697(97)00025-5
https://doi.org/10.1016/S0022-3697(97)00025-5
https://doi.org/10.1103/PhysRevLett.69.1264
https://doi.org/10.1103/PhysRevLett.69.1264
https://doi.org/10.1103/PhysRevLett.69.1264
https://doi.org/10.1103/PhysRevLett.69.1264
https://doi.org/10.1016/0921-4534(94)90131-7
https://doi.org/10.1016/0921-4534(94)90131-7
https://doi.org/10.1016/0921-4534(94)90131-7
https://doi.org/10.1016/0921-4534(94)90131-7
https://doi.org/10.1103/PhysRevB.50.9554
https://doi.org/10.1103/PhysRevB.50.9554
https://doi.org/10.1103/PhysRevB.50.9554
https://doi.org/10.1103/PhysRevB.50.9554
https://doi.org/10.1103/PhysRevLett.104.136803
https://doi.org/10.1103/PhysRevLett.104.136803
https://doi.org/10.1103/PhysRevLett.104.136803
https://doi.org/10.1103/PhysRevLett.104.136803
https://doi.org/10.1103/PhysRevB.95.035137
https://doi.org/10.1103/PhysRevB.95.035137
https://doi.org/10.1103/PhysRevB.95.035137
https://doi.org/10.1103/PhysRevB.95.035137
https://doi.org/10.1103/PhysRevB.83.245131
https://doi.org/10.1103/PhysRevB.83.245131
https://doi.org/10.1103/PhysRevB.83.245131
https://doi.org/10.1103/PhysRevB.83.245131
https://doi.org/10.1103/PhysRevLett.123.207202
https://doi.org/10.1103/PhysRevLett.123.207202
https://doi.org/10.1103/PhysRevLett.123.207202
https://doi.org/10.1103/PhysRevLett.123.207202
https://doi.org/10.1103/PhysRevLett.101.026407
https://doi.org/10.1103/PhysRevLett.101.026407
https://doi.org/10.1103/PhysRevLett.101.026407
https://doi.org/10.1103/PhysRevLett.101.026407
https://doi.org/10.1038/s41467-019-13670-9
https://doi.org/10.1038/s41467-019-13670-9
https://doi.org/10.1038/s41467-019-13670-9
https://doi.org/10.1038/s41467-019-13670-9
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26154
https://doi.org/10.1126/science.aav1910
https://doi.org/10.1126/science.aav1910
https://doi.org/10.1126/science.aav1910
https://doi.org/10.1126/science.aav1910

NOAHFE. Q. YUAN AND LIANG FU

PHYSICAL REVIEW B 101, 125120 (2020)

A. Rubio, and A. N. Pasupathy, Maximized electron interac-
tions at the magic angle in twisted bilayer graphene, Nature 572,
95 (2019).

[18] G. Chen, L. Jiang, S. Wu, B. Lyu, H. Li, B. L. Chittari,
K. Watanabe, T. Taniguchi, Z. Shi, J. Jung, Y. Zhang, and
F. Wang, Evidence of a gate-tunable Mott insulator in a trilayer
graphene moir superlattice, Nat. Phys. 15, 237 (2019).

[19] G. Chen, A. L. Sharpe, P. Gallagher, I. T. Rosen, E. Fox,
L. Jiang, B. Lyu, H. Li, K. Watanabe, T. Taniguchi, J. Jung,
Z. Shi, D. Goldhaber-Gordon, Y. Zhang, and F. Wang, Sig-
natures of gate-tunable superconductivity in trilayer graphene/
boron nitride moir superlattice, Nature 572, 215 (2019).

[20] G.-Y. Zhu, T. Xiang, and G.-M. Zhang, Inter-valley spiral order
in the Mott insulating state of a heterostructure of trilayer
graphene-boron nitride, Sci. Bull. 63, 1087 (2018).

[21] C. Schrade and L. Fu, Spin-valley density wave in moir materi-
als, Phys. Rev. B 100, 035413 (2019).

[22] Z. Bi, N. E. Q. Yuan, and L. Fu, Designing flat band by strain,
Phys. Rev. B 100, 035448 (2019).

[23] J. E. Hirsch and D. J. Scalapino, Enhanced Superconductivity
in Quasi Two-Dimensional Systems, Phys. Rev. Lett. 56, 2732
(1986).

[24] 1. E. Dzyaloshinskii, Superconducting transitions due to Van
Hove singularities in the electron spectrum, Sov. Phys. JETP
66, 848 (1987).

[25] H. J. Schulz, Superconductivity and antiferromagnetism in the
two-dimensional Hubbard model: Scaling theory, Europhys.
Lett. 4, 609 (1987).

[26] P. Lederer, G. Montambaux, and D. Poilblanc, Antiferromag-
netism and superconductivity in a quasi twodimensional elec-
tron gas. Scaling theory of a generic Hubbard model, J. Phys.
France 48, 1613 (1987).

[27] N. Furukawa, T. M. Rice, and M. Salmhofer, Truncation of
a Two-Dimensional Fermi Surface due to Quasiparticle Gap
Formation at the Saddle Points, Phys. Rev. Lett. 81, 3195
(1998).

[28] K. Le Hur and T. M. Rice, Superconductivity close to the Mott
state: From condensed-matter systems to superfluidity in optical
lattices, Ann. Phys. 324, 1452 (2009).

[29] S. Raghu, S. A. Kivelson, and D. J. Scalapino, Superconduc-
tivity in the repulsive Hubbard model: An asymptotically exact
weak-coupling solution, Phys. Rev. B 81, 224505 (2010).

[30] R. Nandkishore, L. S. Levitov, and A. V. Chubukov, Chiral su-
perconductivity from repulsive interactions in doped graphene,
Nat. Phys. 8, 158 (2012).

[31] J. Gonzdlez, Kohn-Luttinger superconductivity in graphene,
Phys. Rev. B 78, 205431 (2008).

[32] H. Isobe, N. F. Q. Yuan, and L. Fu, Unconventional Super-
conductivity and Density Waves in Twisted Bilayer Graphene,
Phys. Rev. X 8, 041041 (2018).

[33] H. Isobe and L. Fu, Supermetal, Phys. Rev. Research 1, 033206
(2019).

[34] G.D. Mahan and J. O. Sofo, The best thermoelectric, Proc. Natl.
Acad. Sci. USA 93, 7436 (1996).

[35] D. Freddy, J. Llibre, and J. C. Artés, Qualitative Theory of
Planar Differential Systems (Springer-Verlag, Berlin, 2006).

[36] V. 1. Arnold, Local normal forms of functions, Invent. Math. 35,
87 (1976).

[37] V. 1. Arnold, Normal forms of functions in neighbourhoods of
degenerate critical points, Russ. Math. Surv. 29, 10 (1974).

[38] V. I. Arnold, S. M. Gusein-Zade, and A. N. Varchenko, Singu-
larities of Differentiable Maps, Volume I: The Classification of
Critical Points Caustics and Wave Fronts (Birkhduser, Basel,
Switzerland, 1985).

[39] R. Gilmore, Catastrophe Theory for Scientists and Engineers
(Dover, New York, 1993).

[40] T. Yokoyaa, A. Chainania, T. Takahashia, H. Katayama-
Yoshidaa, M. Kasaib, and Y. Tokura, Extended van-Hove sin-
gularity in Sr,RuO, observed by angle-resolved photoemission,
Physica C 263, 505 (1996).

[41] B. Burganov, C. Adamo, A. Mulder, M. Uchida, P. D. C.
King, J. W. Harter, D. E. Shai, A. S. Gibbs, A. P. Mackenzie,
R. Uecker, M. Bruetzam, M. R. Beasley, C. J. Fennie, D. G.
Schlom, and K. M. Shen, Strain Control of Fermiology
and Many-Body Interactions in Two-Dimensional Ruthenates,
Phys. Rev. Lett. 116, 197003 (2016).

[42] A. Steppke, L. Zhao, M. E. Barber, T. Scaffidi, F. Jerzembeck,
H. Rosner, A. S. Gibbs, Y. Maeno, S. H. Simon, A. P.
Mackenzie, and C. W. Hicks, Strong peak in 7, of Sr,RuOy4
under uniaxial pressure, Science 355, eaaf9398 (2017).

[43] Y. Luo, P. Guzman, A. P. Dioguardi, A. Pustogow, S. M.
Thomas, F. Ronning, N. Kikugawa, D. Sokolov, F. Jerzembeck,
A. P. Mackenzie, C. W. Hicks, E. D. Bauer, I. I. Mazin, and S. E.
Brown, Normal State 70 NMR Studies of Sr,RuO, Under
Uniaxial Stress, Phys. Rev. X 9, 021044 (2019).

[44] D. M. Newns, C. C. Tsuei, R. P. Huebener, P. J. M. van Bentum,
P. C. Pattnaik, and C. C. Chi, Quasiclassical Transport at a van
Hove Singularity in Cuprate Superconductors, Phys. Rev. Lett.
73, 1695 (1994).

[45] D. M. Newns, C. C. Tsuei, and P. C. Pattnaik, Van Hove
scenario for d-wave superconductivity in cuprates, Phys. Rev.
B 52, 13611 (1995).

[46] J. L. Tallon, G. V. M. Williams, C. Bernhard, D. M. Pooke,
M. P. Staines, J. D. Johnson, and R. H. Meinhold, Interplanar
coupling, induced superconductivity, and van Hove singularity
in high-7 cuprates, Phys. Rev. B 53, R11972(R) (1996).

[47] G. L. de Castro, C. Berthod, A. Piriou, E. Giannini, and
@. Fischer, Preeminent Role of the Van Hove Singular-
ity in the Strong-Coupling Analysis of Scanning Tunneling
Spectroscopy for Two-Dimensional Cuprate Superconductors,
Phys. Rev. Lett. 101, 267004 (2008).

[48] A. Piriou, N. Jenkins, C. Berthod, I. Maggio-Aprile, and
@. Fischer, First direct observation of the Van Hove singularity
in the tunneling spectra of cuprates, Nat. Commun. 2, 221
2011).

[49] K. Kurashima, T. Adachi, K. M. Suzuki, Y. Fukunaga,
T. Kawamata, T. Noji, H. Miyasaka, I. Watanabe, M. Miyazaki,
A. Koda, R. Kadono, and Y. Koike, Development of Ferromag-
netic Fluctuations in Heavily Overdoped (Bi, Pb),Sr,CuQOg.s
Copper Oxides, Phys. Rev. Lett. 121, 057002 (2018).

[50] A. Chandrasekaran, A. Shtyk, J. J. Betouras, and C. Chamon,
Phys. Rev. Research 2, 013355 (2020).

125120-16


https://doi.org/10.1038/s41586-019-1431-9
https://doi.org/10.1038/s41586-019-1431-9
https://doi.org/10.1038/s41586-019-1431-9
https://doi.org/10.1038/s41586-019-1431-9
https://doi.org/10.1038/s41567-018-0387-2
https://doi.org/10.1038/s41567-018-0387-2
https://doi.org/10.1038/s41567-018-0387-2
https://doi.org/10.1038/s41567-018-0387-2
https://doi.org/10.1038/s41586-019-1393-y
https://doi.org/10.1038/s41586-019-1393-y
https://doi.org/10.1038/s41586-019-1393-y
https://doi.org/10.1038/s41586-019-1393-y
https://doi.org/10.1016/j.scib.2018.06.022
https://doi.org/10.1016/j.scib.2018.06.022
https://doi.org/10.1016/j.scib.2018.06.022
https://doi.org/10.1016/j.scib.2018.06.022
https://doi.org/10.1103/PhysRevB.100.035413
https://doi.org/10.1103/PhysRevB.100.035413
https://doi.org/10.1103/PhysRevB.100.035413
https://doi.org/10.1103/PhysRevB.100.035413
https://doi.org/10.1103/PhysRevB.100.035448
https://doi.org/10.1103/PhysRevB.100.035448
https://doi.org/10.1103/PhysRevB.100.035448
https://doi.org/10.1103/PhysRevB.100.035448
https://doi.org/10.1103/PhysRevLett.56.2732
https://doi.org/10.1103/PhysRevLett.56.2732
https://doi.org/10.1103/PhysRevLett.56.2732
https://doi.org/10.1103/PhysRevLett.56.2732
https://doi.org/10.1209/0295-5075/4/5/016
https://doi.org/10.1209/0295-5075/4/5/016
https://doi.org/10.1209/0295-5075/4/5/016
https://doi.org/10.1209/0295-5075/4/5/016
https://doi.org/10.1051/jphys:0198700480100161300
https://doi.org/10.1051/jphys:0198700480100161300
https://doi.org/10.1051/jphys:0198700480100161300
https://doi.org/10.1051/jphys:0198700480100161300
https://doi.org/10.1103/PhysRevLett.81.3195
https://doi.org/10.1103/PhysRevLett.81.3195
https://doi.org/10.1103/PhysRevLett.81.3195
https://doi.org/10.1103/PhysRevLett.81.3195
https://doi.org/10.1016/j.aop.2009.02.004
https://doi.org/10.1016/j.aop.2009.02.004
https://doi.org/10.1016/j.aop.2009.02.004
https://doi.org/10.1016/j.aop.2009.02.004
https://doi.org/10.1103/PhysRevB.81.224505
https://doi.org/10.1103/PhysRevB.81.224505
https://doi.org/10.1103/PhysRevB.81.224505
https://doi.org/10.1103/PhysRevB.81.224505
https://doi.org/10.1038/nphys2208
https://doi.org/10.1038/nphys2208
https://doi.org/10.1038/nphys2208
https://doi.org/10.1038/nphys2208
https://doi.org/10.1103/PhysRevB.78.205431
https://doi.org/10.1103/PhysRevB.78.205431
https://doi.org/10.1103/PhysRevB.78.205431
https://doi.org/10.1103/PhysRevB.78.205431
https://doi.org/10.1103/PhysRevX.8.041041
https://doi.org/10.1103/PhysRevX.8.041041
https://doi.org/10.1103/PhysRevX.8.041041
https://doi.org/10.1103/PhysRevX.8.041041
https://doi.org/10.1103/PhysRevResearch.1.033206
https://doi.org/10.1103/PhysRevResearch.1.033206
https://doi.org/10.1103/PhysRevResearch.1.033206
https://doi.org/10.1103/PhysRevResearch.1.033206
https://doi.org/10.1073/pnas.93.15.7436
https://doi.org/10.1073/pnas.93.15.7436
https://doi.org/10.1073/pnas.93.15.7436
https://doi.org/10.1073/pnas.93.15.7436
https://doi.org/10.1007/BF01390134
https://doi.org/10.1007/BF01390134
https://doi.org/10.1007/BF01390134
https://doi.org/10.1007/BF01390134
https://doi.org/10.1070/RM1974v029n02ABEH003846
https://doi.org/10.1070/RM1974v029n02ABEH003846
https://doi.org/10.1070/RM1974v029n02ABEH003846
https://doi.org/10.1070/RM1974v029n02ABEH003846
https://doi.org/10.1016/0921-4534(96)00073-1
https://doi.org/10.1016/0921-4534(96)00073-1
https://doi.org/10.1016/0921-4534(96)00073-1
https://doi.org/10.1016/0921-4534(96)00073-1
https://doi.org/10.1103/PhysRevLett.116.197003
https://doi.org/10.1103/PhysRevLett.116.197003
https://doi.org/10.1103/PhysRevLett.116.197003
https://doi.org/10.1103/PhysRevLett.116.197003
https://doi.org/10.1126/science.aaf9398
https://doi.org/10.1126/science.aaf9398
https://doi.org/10.1126/science.aaf9398
https://doi.org/10.1126/science.aaf9398
https://doi.org/10.1103/PhysRevX.9.021044
https://doi.org/10.1103/PhysRevX.9.021044
https://doi.org/10.1103/PhysRevX.9.021044
https://doi.org/10.1103/PhysRevX.9.021044
https://doi.org/10.1103/PhysRevLett.73.1695
https://doi.org/10.1103/PhysRevLett.73.1695
https://doi.org/10.1103/PhysRevLett.73.1695
https://doi.org/10.1103/PhysRevLett.73.1695
https://doi.org/10.1103/PhysRevB.52.13611
https://doi.org/10.1103/PhysRevB.52.13611
https://doi.org/10.1103/PhysRevB.52.13611
https://doi.org/10.1103/PhysRevB.52.13611
https://doi.org/10.1103/PhysRevB.53.R11972
https://doi.org/10.1103/PhysRevB.53.R11972
https://doi.org/10.1103/PhysRevB.53.R11972
https://doi.org/10.1103/PhysRevB.53.R11972
https://doi.org/10.1103/PhysRevLett.101.267004
https://doi.org/10.1103/PhysRevLett.101.267004
https://doi.org/10.1103/PhysRevLett.101.267004
https://doi.org/10.1103/PhysRevLett.101.267004
https://doi.org/10.1038/ncomms1229
https://doi.org/10.1038/ncomms1229
https://doi.org/10.1038/ncomms1229
https://doi.org/10.1038/ncomms1229
https://doi.org/10.1103/PhysRevLett.121.057002
https://doi.org/10.1103/PhysRevLett.121.057002
https://doi.org/10.1103/PhysRevLett.121.057002
https://doi.org/10.1103/PhysRevLett.121.057002
https://doi.org/10.1103/PhysRevResearch.2.013355
https://doi.org/10.1103/PhysRevResearch.2.013355
https://doi.org/10.1103/PhysRevResearch.2.013355
https://doi.org/10.1103/PhysRevResearch.2.013355

