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The superfluid weight of an isolated flat band in multiorbital superconductors contains contributions from
the band’s quantum metric and a lattice geometric term that depends on the orbital positions in the lattice.
Since the superfluid weight is a measure of the superconductor’s energy fluctuation, it is independent of the
lattice geometry, leading to the minimal quantum metric of a band [Phys. Rev. B 106, 014518 (2022)]. Here,
a perturbation approach is developed to study the superfluid weight and its lattice geometric dependence for
composite bands. When all orbitals exhibit uniform pairing, the quantum geometric term contains each band’s
contribution and an interband contribution between every pair of bands in the composite. Based on a band
representation analysis, they provide a topological lower bound for the superfluid weight of an isolated composite
of flat bands. Using this perturbation approach, an analytical expression of the lattice geometric contribution is
obtained. It is expressed in terms of Bloch functions, providing a convenient formula to calculate the superfluid

weight for multiorbital superconductors.
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I. INTRODUCTION

The discovery of superconductivity in twisted two-
dimensional (2D) crystals [1-14] has brought focus to the
nature of superconductivity in flat or weakly dispersive bands
[15-32]. While the pairing mechanism remains unresolved,
the superconducting fluctuations in flat bands are exotic
enough to warrant a complete understanding [33-50]. A par-
ticular focus is on the question of superfluid weight (SW)
in flat-band superconductors, which serves as an essential
criterion to distinguish superconductors from metals [51,52].
The SW in conventional superconductors, irrespective of the
order-parameter symmetry, is inversely proportional to the
effective mass [53,54], ruling out flat-band superconductivity.
However, in multiorbital superconductors, band geometry res-
cues superconductivity by providing a finite SW, which is pro-
portional to the quantum metric of the band [16-25,27-29].
This quantum geometric SW dominates in flat-band super-
conductors like twisted 2D crystals [22,23,55]. Moreover,
geometric effects can result in transitions to exotic super-
conducting states [56—58], which necessitates the need for a
further understanding of the role of band geometry in multior-
bital superconductors.

Up to now, most studies of the geometric SW have been
restricted to a single isolated band [16,18-25,27-29]. This
is valid when the pairing potential is comparable with the
bandwidth of the active band near the Fermi level but much
smaller than the band gap of other remote bands. However,
many examples exist where multiple bands lie within or close
to the pairing interaction window, violating this single-band
projection. In these cases, the interband geometric effects
[17,26,59,60] can be significant. In addition, quantum geo-
metric quantities like the Berry curvature and quantum metric
are usually large near the local k-points where the remote
bands are energetically close to the active band. Therefore,
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it is essential to study the geometric SW when a composite of
bands is within or near the interaction range.

In this paper, we employ a band projection formalism to
study the SW of composite bands. This projection to the com-
posite transforms the orbital basis to band basis but projects
to a few bands most relevant to the interaction energy scale
determined by the pairing Hamiltonian. We then develop a
perturbation approach to calculate the SW, which is similar
to the k - p method of calculating the effective-mass tensor of
bands in solids. This approach provides an alternative deriva-
tion of the general results in Refs. [16,19] and identifies each
term of the quantum geometric SW from transitions between
Bogoliubov bands. The quantum geometric SW of composite
bands contains each band’s contribution and an interband
contribution between every pair of bands in the composite.
This separation of SW emphasizes the role of interband quan-
tum metric, which originates from the derivative of interband
pairing functions. Although the interband geometric terms
are negative semidefinite and reduce the SW, the total SW is
always positive semidefinite, implying the local stability of the
zero center-of-mass momentum (CMM) state in the uniform
pairing channel.

Analyzing the reduction of superfluid weight due to the
interband pairing, we derive a topological lower bound for the
SW of an isolated composite of flat bands (ICFB), Eq. (19).
The necessity of such a lower bound arises from a very fun-
damental question, as in realistic materials the scenario of a
single isolated flat band is rare. Instead, many flat or weakly
dispersive bands can coexist in the interaction window. In the
simplest case, one can ask if there is a topological lower bound
for the SW when two flat bands of opposite Chern numbers
=+1 are both within the pairing interaction window.

An analysis of this case from the perspective of band rep-
resentation (BR) turns out to be illuminating. If the two bands
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are constructed from the same set of Wannier orbital bases
of an elementary band representation (EBR) [61,62], their
topological lower bounds tend to cancel, | + 1 4+ (—1)| = 0.
In contrast, when they belong to different EBRs, their topo-
logical lower bounds will add, | + 1| + | — 1| = 2. The latter
is due to a suppression of the reduction effect by interband
pairings. This suggests that a larger SW can be achieved if
a multiorbital superconductor is doped to a set of bands that
contain multiple incomplete EBRs.

In the second half of this paper, we study the relation
between lattice geometry and SW for multiorbital supercon-
ductors. Recently, it was shown that an additional contribution
encoding the modification of order parameters with orbital
positions in a unit cell must be included in the calculation
of SW [30,31]. This lattice geometric term, combined with
the quantum geometric term, makes the total SW invariant
with the choice of orbital positions [31], therefore it is lattice-
geometry-independent [63]. Using the perturbation method,
we derive an analytical expression of the lattice geometric
term in terms of Bloch functions, Eq. (35). This expression
provides a convenient way of computing the lattice geometric
term numerically without solving gap equations.

The rest of this paper is organized as follows. In Sec. II,
we develop the projection procedure for composite bands,
and we present the quantum geometric SW calculated from
the perturbation method. Section III contains an analysis of
the interband effect on the geometric SW, and it establishes a
topological lower bound for an ICFB. Section IV studies the
derivative of the gap equation with respect to CMM using the
perturbation method, thereby obtaining the second derivative
of the grand potential with order parameters and analyzing its
properties. In Sec. V, we show the geometry independence of
the SW, and we provide a convenient formula for computing
the lattice geometric term. Finally, we conclude our findings
in Sec. VL.

II. SUPERFLUID WEIGHT OF COMPOSITE BANDS

We start from the tight-binding lattice Hamiltonian with
intraorbital attractive interactions (U, > 0):

H = Z ti‘;’aﬂcjwcjﬁg — ZUaﬁiaﬁﬁiaw (1)

ij,aB,o i
where i, j label the unit cell, &, 8 = 1, ..., s label the orbitals
in a unit cell, and o =1, | labels the spin. The tight-binding
matrix elements 77 ,, encode the hopping pattern and am-
plitudes from orbital (j, 8) to (i, ). This hopping graph
determines the band dispersion and topology. The second
term is the on-site density-density interaction, with 74, =
¢! . Ciao the number operator. We assume time-reversal sym-
metry (TRS) with zero spin-orbit coupling, thereby restricting
to singlet pairing.

For attractive pairing interactions, we assume a BCS-type
ground state and perform the usual mean-field decoupling of
Eq. (1) to arrive at the mean-field Hamiltonian # . Through-
out this paper, we focus on an orbital-independent pairing
matrix A = AZ,, referred to as the uniform pairing condi-
tion (UPC) in the literature [16,17,19]. Here Z is the s-dim
identity matrix in orbital space. This choice of pairing channel
can always be made for any intraorbital interactions obeying

TRS by tuning parameters U,. It corresponds to a particular
solution channel to the BCS gap equation, which always leads
to a positive-semidefinite SW tensor.

The superconducting fluctuations to finite CMM can be
described within the same framework by a reduced mean-field
Hamiltonian (see Appendix A),

: — Aol
Fvr(@) =) Cf (Heick(@Crg+N Y (q]—
k a=1 «

+ Z Tr{h£k+q - I‘Lq}v (2)
k

where Cy ¢ = (Ck4q.at> cik tq.el )T denotes the Nambu spinor,
with q half of the CMM, N denotes the number of unit cells,

and

~

n,o— u A
Hpacx(q) = ( kﬂw ! T ! ) 3)
Aq _(h—k+q - /“LQ)

is the Bogoliubov—de Gennes (BdG) matrix. TRS imposes
tPat hf{( = hlt The chemical potential 114 and pairing mAatrix
Aq are attained self-consistently. The pairing matrix Aq =
diag{Agq1, ..., Aqs) in general has its entries complex and
q-dependent.

To compute the SW, we adopt the grand potential method
[16]. SW is the second total derivative of the superconducting
free energy F(q) with respect to q,

p 1 d’F
S,V — Adqudqv q=0.

“

For simplicity, we set the area A = 1. The free energy F'(q) =
Q(q, g, Ag, A;’i) + pqNe, where the grand potential

Ao 1 y
Q(q, pq, Aq, A(’;) = _E In Tr{e—ﬁHMF(q)} (3)

is a function of q, g, Aq, A(’; explicitly. N, is the fixed aver-
age number of electrons. In the presence of TRS, Dj ,,, can be
related to partial derivatives of the grand potential [16,30,31]:
b ’Q dal, 92 dAL,
M L0gu0qy  dgu 9ALL0AL , dgy

. (6

q=0

where A{W is the imaginary part of Ay, and we have em-
ployed the Einstein summation rule foro, 8 =1, ...,s. U(1)
symmetry allows one to fix Ag s to be real and positive for all
q, so the sum over «, 8 above can be reduced as from 2 to s
[31]. However, we assume an arbitrary global phase to keep
the discussion general.

The first term of Eq. (6) (D) contains two contributions
to the SW of multiorbital superconductors—the conventional
contribution, which is inversely proportional to the effective
mass, and the quantum geometric contribution. This quantum
geometric SW is proportional to an integral of the quantum
metric [16], which is lattice-geometry-dependent [63]. How-
ever, as expected from general considerations, this geometry
dependence is canceled by the second term of Eq. (6) (the
lattice geometric term, D®), which encodes the order param-
eter’s variation with orbital positions [30-32].

We consider the scenario in which n < s bands are energet-
ically within or close to the interaction window [64] around
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FIG. 1. Interpretation of the band projection, composite, and geometric terms of Eq. (9) from Bogoliubov band transitions (see Appendix D
for details). (a) Two electronic bands (1,2) energetically close to the interaction scale are projected from a four-orbital model, defining the
composite. The blue rectangle indicates the interaction window of 2A around the Fermi level. (b), (c) Zoom-in picture of the composite.
(b) Electronic bands mix with hole bands to form four Bogoliubov bands (1, & and 2, ). At q = 0, these bands are particle-hole symmetric
(PHS); at q # 0, the dispersion is deformed and particle-hole symmetry is broken. SW measures the second derivative of energy with respect
to q. (c) For small q, the deformation can be treated with perturbation, which enables transitions between Bogoliubov bands. Here, only the
transitions from band 1, — are indicated by arrows. The O(g?) transition amplitude to band 1, — itself, combined with the O(g) amplitude
to band 1, 4, gives the intraband geometric SW o g‘uv; the O(q) transition amplitudes to band 2, = give the interband terms o p%)g;ﬁ),
respectively.

the Fermi level [the case of n = 2 is shown in Fig. 1(a)]. We refer to the group of n flat or dispersive bands, whether connected
or disconnected from each other, as a “composite,” and denote it by C. We perform a projection of the full Hamiltonian Eq. (2)
to the composite, a generalization of the single-band projection in an earlier paper [58]. The projected mean-field Hamiltonian
at finite q, involving the kinetic energy of the n bands and pairing interactions between them, reads

5l — to ' i '
Helq) = Z Z[El,kJrqcl,kJquCl’kJﬂlT ~ & kg€l kel €l iyqy] T Z Z 8l kiq

k leC k leC
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where slTk+q = ££k+q — Hqs Sl%—k-&-q = 81%-k+ — j4q are the form A = diag{Ay, ..., A1, Ay, ..., Ay, ...} (ie., uniform
band energies measured from the fluctuated chemical poten- ~ among subsets of orbitals). By definition of the gap functions,
tial. By TRS we have defined &y = £} = gl%_k_ Projectionto  Eq. (8), the pairing between band / and I’ in the composite
the composite naturally defines the interband gap functions can be viewed as uniform if they are spanned by orbitals in a
« single subset. Therefore, we only require equal pairing on the

A (@) = (1 kgl Aqlitr k—q), (®)  orbitals of the composite bands.
where [, [’ are band indices restricted in the composite, and We developed a stationary state perturbation method to

ux is the periodic part of the Bloch function of the /th spin-4 diagonalize the quadratic Hamiltonian of composite bands,
band. For the case [ = I’, Ay x(q) is just the intraband gap Eq. (7). The perturbation method has been commonly used
function A;x(q) [58]. Under the UPC, the interband gap to simplify Kubo formula results [65] but is mainly restricted
functions (I # ') vanish at q = 0 by the orthogonality of  to the single-band case without considering band geometry.
Bloch functions but are nonvanishing at q # 0. After pro- Here, it not only reproduces the first term of Eq. (6), D{",
jection to the composite, the projected order parameter has which agrees with the general results in Refs. [16,19], bUt
equal pairing on the orbitals that make up the composite. In gives each contribution the meaning of transitions between
addition, our projection formalism also applies to a general Bogoliubov bands.

case of intraorbital pairing when the pairing matrix takes the The first term of Eq. (6) is (see Appendix D for details)

J

ﬁE _ BE BE
DEIZ_U Z Z ( L 2lk SeCh2 21k au&kav%-lk

k leC
B Ik{ 2|: Pzz’)(k) Pg;)(k) } 1 }
+ tanh g + E 8A + »(K) ©))
; ; o reC.I'#l En+Enc Enc— Erx

214518-3



GUODONG JIANG AND YAFIS BARLAS

PHYSICAL REVIEW B 109, 214518 (2024)

where A is the uniform pairing order parameter at finite
temperature 7 = 1/B, and Ex = V& + A% is the q=10
quasiparticle energy. The first line of Eq. (9) corresponds to
the conventional contribution to SW, and the two separate
pieces in the second line correspond to the intra- and interband
geometric contributions. The different transition processes
represented by these geometric contributions can be inter-
preted from stationary state perturbations and are illustrated
in Fig. 1 (see Appendix D for details). We have introduced
functions

&) 1 (1 L St A?

V(K= = ), 11, (10)
Pu 2 EnEpx 7

which can be termed as the q = 0 interband coherence factors
[66], in contrast to the intraband coherence factors (I = 1)
in conventional BCS theory [53,65]. g, = ReR! I =

mv> Suv
ReRfL’; are the real parts of the intra- and interband component

of the quantum geometric tensor R, R/

s Rows respectively, with

Ry, (K) = (| (1 — |upe) ()| By )
RIL () = — @unclupi) e dyun). 1 #1. (1)

Together they constitute the quantum geometric tensor of the
composite bands,

R,k=> R, ®+ Y Rk, 12

leC 1.IeC. 14l

where RS, (k) = Tr{Pc(k)d, P (k)d,Pe(k)}, and Po(k) =
> iec luix) (urk| is the projection operator.

Tensor gﬁ/v(k) measures small distances between Bloch
functions of different bands in the momentum space,

[y rq) I ~ —q,q,8, (K). (13)

With our convention Eq. (11), glli/v(k) is negative semidefi-
nite, indicating that the interband geometric contributions in
Eq. (9) are negative and reduce the total SW. However, in
Appendix E we show that the total SW, which is the sum
of the conventional, intra-, and interband geometric terms, is
always positive semidefinite. This implies that the ¢ = 0 BCS
state locally minimizes the free energy at any temperature
whenever the UPC is valid for the composite bands.

In addition to the first term D'V, the perturbation method
also gives an analytical expression of the Hessian matrix
9°Q/IA] ,OAL 4lq=0, thereby putting the lattice geometric

term D into a computationally convenient form. We address
this in Secs. IV and V.

III. TOPOLOGICAL LOWER BOUND FOR AN ISOLATED
COMPOSITE OF FLAT BANDS

The interband geometric terms in Eq. (9) are negative
semidefinite and reduce the SW. In this section, we use this
reduction effect along with the relative topology of the bands
in the composite to establish a topological lower bound for the
SW of composite bands. For a single isolated flat band, the
absolute value of the Chern number provides a weak lower
bound for the geometric SW [16]. These bounds stem from

the relation
Trg" (k) > |B" (k)| (14)

for an isolated band m, with B™ the Berry curvature of the
band, and the fact that the gauge-invariant part of the Wan-
nier localization functional (WLF) is related to the trace of
the quantum metric. Additional lower bounds due to Wilson
loop winding numbers or real space invariants in other topo-
logical classifications have also been established [18,23,67].
One might ask for composite bands whether there is a lower
bound for the SW, and what are the possible generalizations
of Eq. (14)?

To answer these questions, we restrict our discussion to
the zero-temperature limit in the following. At T =0, the
problem is simplified and Eq. (9) reads

o A? 4N?
Dy, = Z Z E—33u~§/k3u§1k + E—“(glw(k)

k leC Ik

16A2 ,
+¥11/;1>, E/k+E1,kp” (k)g ., (k) (15)

Here, coherence factors pg;) are canceled because they
describe Bogoliubov transitions between two quasiparticle
bands or two quasihole bands [Fig. 1(c)], which are sup-
pressed at T =0, a “Pauli blocking” effect. Following a
similar procedure described in Appendix E, we break the
intraband quantum metric gl into interband ones, and the
geometric part of Eq. (15) splits into two terms,

phegeo — Z Z ﬁg” (k)
KN7AY Ep v

k [eC,l'¢C
4N (Ex — &)y
-3 EEn Bt E );,J,iva«). (16)
k LIeC.l>1 Ik Lk 'k

In this expression, the first term contains the interband quan-
tum metric between bands inside and outside the composite,
while the second term contains these between bands inside the
composite only.

To establish a topological lower bound, we consider a
special class of composite bands, where each band in the
composite is within the interaction window, and these bands
are energetically close to each other—we call this an “isolated
composite of flat bands” (ICFB). Hereafter, our definition
of flat bands encompasses weakly dispersive bands. This re-
quires that the bandwidth of each band, 6§ =max{|&x—&; |},
and the band gaps between them, §§;; = max{|§x — &}
(1,1’ € C), are all much smaller than the uniform order param-
eter A. This notion of ICFB gives the separation in Eq. (16) a
well-defined physical meaning.

In Eq. (16), the first term depends on the overall topology
of the composite since it contains the quantum metric between
bands inside and outside the composite, whereas the second
term depends on the relative topology between bands inside
the composite. For an ICFB, as long as the first term is
nonzero, it is of order A and dominates over the second term,
which is of order 8£2/A.

Furthermore, we assume that the ICFB contains an incom-
plete set of n disconnected bands (n < s), each with Chern
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number C; (1 <11 < n). When a few bands are connected,
the Chern numbers will be generalized to the integrals of
non-Abelian Berry curvature over the Brillouin zone [68]. The
total Chern number of an ICFB, C = Y";_, C;, is always an
integer.

With these clarifications, it is important to note that
the inequality Eq. (14) holds for composite bands also
[16,23,60,69,70], which reads

Trg” (k) > B (K, an
where g€ and B are the quantum metric and Berry curvature
of the composite. Following the definition Eq. (12), we write
the quantum metric of composite bands as

doodh. ()

&= eut > =~
leC.l¢C

leC 1IeC,I'#l

This is proportional to the leading term of Eq. (16), since
A?/Ej is approximately a constant for an ICFB. As a re-
sult, the total SW is lowered bounded by |C| (besides a
proportional constant), with C the total Chern number of
the composite. Exceptional cases may exist, e.g., when the
composite is complete (n = s), such that C = 0 and the first
term of Eq. (16) vanishes. In these cases, the SW will rely on
the second term of Eq. (16) and the conventional term, which
depends on the dispersion details; then, a simple topological
lower bound cannot be obtained. We will see examples below
when the composite has C = 0 but still provides a nonzero
topological bound.

The result Dy > |C| can be compared to the single isolated
band case. If we add the lower bound |C;| of each band, it
would give D, > >}, |G| for a composite. Therefore, we
deduce that by the reduction effect of the interband geometric
SW, the lower bound shrinks from the sum of absolute values
to the absolute value of the sum, |C| = | >_;_, C;|. This poses
a contrast between composites with {C;} of uniform signs and
different signs, e.g., +,+, ... and +, —, , which can be
further explained by analyzing the WLF [16,69].

The absolute value of the Chern number of the composite
bands, |C|, is a lower bound for the WLF of Wannier orbitals
of the composite, providing a measure of Wannier obstruction.
If the composite is Wannier representable, then the bands
inside and outside the composite can be constructed from dis-
joint sets of Wannier orbitals. In the language of “topological
quantum chemistry” [61,62,71,72], such a composite is said to
form a BR. In this case, the interband terms of Eq. (15) cancel
the intraband terms altogether, giving a zero lower bound for
the leading term of Eq. (16). On the contrary, in the presence
of Wannier obstruction, the composite has to form a BR with
some bands outside the composite. Then the interband terms
of Eq. (15) partially cancel the intraband terms, leaving a finite
lower bound for the leading term of Eq. (16).

However, the lower bound by |C| in some cases is too
weak, and a stronger lower bound can be derived. Suppose
the s bands formed by the s atomic orbitals are divided into
a few EBRs [61,62], which are constructed from disjoint sets
of Wannier basis. For each EBR, it might be that only part of
the bands belong to the composite. By making an induction
from BR to EBR, one can immediately deduce that the in-
terband geometric terms of Eq. (15) can only reduce the SW

C,=1 C,=1 Cc.=1
&k % |
Cy=1 Co=-1 Cy=-1
/\/ /\/
ky Ky kx

FIG. 2. An isolated composite of two weakly dispersive bands
near the Fermi level (only spin-up bands are shown), with the blue
rectangle indicating the interaction window of 2A. (a) The two bands
in the composite have Chern number C; = C, = 1. The SW is lower
bounded by |C| = 2. (b) The two bands have C; =1 and G, = —
and the SW is lower bounded by |C| = 0. (c) Same as (b), but the
two bands belong to different EBRs (shown in red and green), thus
the lower bound can be improved to |Cy| + |G| = 2.

substantially within an EBR, and not between two EBRs [73].
As aresult, the topological lower bound can be improved, with
|C| replaced by

Zcm

=1

nj

>ci|

li=1

ny J
>3 19)
=1 j=1
where J is the number of EBRs formed by the s atomic
orbitals, n; is the number of bands in the composite that is
from the jth EBR (with the sum ijl n; = n), and Cl(lj] ) is the
Chern number of the /;th band of the jth EBR. In the extreme
case when each band of the composite belongs to a different
EBR, there is no substantial reduction of SW by the interband
terms, so the improved lower bound is Y ;_, |C;|. This simple
idea of reducing the topological lower bound within individual
EBRs is illustrated in Fig. 2 using the example of a two-band
composite. Similar arguments can be generalized to systems
with nonzero Chern numbers to attain stronger bounds based
on real-space invariants [67].

IV. SUPERFLUID WEIGHT AND LATTICE GEOMETRY

We now study the relationship between SW and lattice
geometry using the perturbation method. Here “lattice ge-
ometry” refers to the position of atomic orbitals in a unit
cell of non-Bravais lattices. It was shown in Ref. [31] that
when the atomic orbitals occupy some optimal positions, the
second term of SW D® vanishes and the geometric part of
D'V becomes the minimal quantum metric (MQM). Typically,
the optimal positions are high-symmetry points in the real
space lattice.

However, if the symmetry of the tight-binding Hamilto-
nian is lower than that of the underlying Bravais lattice, the
optimal positions can shift along high-symmetry lines [31].
Since Bravais lattice symmetries no longer protect them, the
optimal positions can be sensitive to temperature, interaction,
and the tight-binding graph #7; ;. This 0p§ewation suggests
that instead of seeking the optimal positions of MQM, it
would be more straightforward to work with some general po-
sitions and find an explicit expression of the second term D%
Notice in Eq. (6) one has to either numerically compute the
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derivative of order parameters d, Al (a short-hand notation
of d Afw /dq,lq=0) or vary the first term DD with respect to
orbital positions to achieve MQM, both of which may require
a large number of calculations.

In this section, we derive an explicit expression of
the Hessian matrix 929/ AfxaA% (similarly, it denotes

32Q/d AL 9 Aa‘ slq=0) in Eq. (6) for general composite bands.
It also contains an analysis of its rank and semidefiniteness,
which allows us to write D'® in a convenient form in Sec. V.

Before we proceed, it is essential to clarify and distinguish
between geometry-independent and -dependent quantities
[63]. Electronic band energies and topological properties,
such as Chern numbers, are determined by the hopping
integrals 7 5, therefore they are geometry-independent.
Geometry-dependent quantities, like the quantum metric and
Berry curvature, instead depend on the orbital positions. Fol-
lowing Ref. [63], we adopt the convention that the atomic
orbitals are pointlike, therefore the periodic part of the Bloch
function, u;x, depends on the orbital positions through a com-
ponentwise phase, uk, = e~ **«uf, . Here u}, , are the Bloch
components of gauge choice at some arbitrary reference posi-
tions in the unit cell, and x,, are the orbital positions measured
from these reference points. This explains the origin of the
geometric dependence of D{V, Eq. (9).

According to the spirit of Ref. [31], the MQM can be
defined in two ways, which are precisely given below:

Definition 1. MQM corresponds to the orbital positions that
make the second term of Eq. (6), D{¥), vanish.

Definition 2. MQM corresponds to the orbital positions that
extremize (in fact, minimize) some geometric functional of
the quantum metric tensor, which in general takes the form

= Z Zf/(k)Trgl(k) + Z fur (R)Trg" (k)
k | ieC LI'€C.IA!
(20)

I is a function of orbital positions xi, ..., X; because the
quantum metrics g, (k), g!' (k) depend on them explic-
itly. fij(k) and fj;(k) are a set of intra- and interband
geometry-independent functions. For finite-temperature SW
calculations, they are

1 BE
k) = — tanh , 21
fi(k) En anh — (21)
200 (k) 2p ) (K) BEn
(k) = [ + tanh . (22
Ji Ex+Ex Ex—Epx 2

such that the functional / is proportional to the trace of the ge-
ometric part of D'!. Notice that the quasiparticle energy and
coherence factors depend on the band energy only, therefore
they are geometry-independent.

The equivalence of the two definitions above relies on an
assumption made in Ref. [31] about the rank and semidefi-
niteness of matrix 8>Q/dALdA} (see Appendix H). Below,
we prove this assumption by computing the matrix explicitly.

It was argued in Ref. [31] that the order parameter mini-
mizes the superconducting free energy. Therefore, the matrix
9°Q/9 A0 A}, has to be positive semidefinite. However, this

statement may not be true for a general pairing matrix A as a
solution to the gap equation of multiorbital superconductors.

<s C

FIG. 3. Schematic plot of the grand potential in the space of com-
ponents of A, at q = 0. Multiorbital superconductors may have mul-
tiple solution channels, A, B, C, etc., to some fixed interaction param-
eters. A solution channel A satisfies the gap equation 9$2/dA =0,
so it extremizes €2, but the minimization is not guaranteed. A ground-
state channel (point A) ensures the global minimum, but there may
also exist “unstable” solutions (e.g., point B). This instability is
irrelevant to convergence for numerically solving the gap equation.

As a solution channel, it guarantees that the first derivative of
grand potential Q with respect to A is zero (see Appendix B),
but in general it cannot imply information about the second
derivative. The second derivative instead is related to the “sta-
bility” of the channel.

A multiorbital superconductor can have multiple channels
that are solutions to some fixed interaction parameters, an ex-
ample of which can be seen in the supplementary material of
Ref. [58]. If some channel corresponds to the superconducting
ground state, it should be the global minimum of free energy.
Therefore, its Hessian matrix needs to be positive semidefi-
nite (Fig. 3). However, for solutions that are not the ground
state, the Hessian matrix may not be positive semidefinite.
For instance, in Appendix J we show that for two-orbital
models when the order parameter matrix takes the form A =
diag{A1, A,} with A;, A, both real, 829/8A(’Y8A}’3 is positive
semidefinite if and only if sgn(A;A;) = 1. For this reason,
obtaining an explicit expression of this matrix for the uniform
pairing channel is necessary. To achieve this goal, we study
the gap equation for composite bands at finite q and extract
the Hessian matrix from its derivative with respect to q.

Let us define the finite-q mean-field order parameter as

A _Ua <Cia¢ciaT )qe—Ziq~(R;+xu)’ (23)

Qo =
where ()4 is the average over the fluctuated pairing state Wy,
and the phase factor e=2/9'(Ri+X) gets rid of the superficial q-
dependence from Ag . Taking the total derivative of Eq. (23)
with respect to g, at @ = 0, it yields a matrix equation [30,31]

Mypd, Ag =Vy pu, (24)

where d, A, = id, Al, by TRS. After choosing a proportional
constant, it is easy to show that (see Appendix C)

Iy 1 32Q 25)
B =57 AT |
2000 00 4 lg=0
0°Q
Vo = =] (26)
0AG 2091 [q=0

so the problem of computing matrix 8>€2/d A},d A} is reduced
to determining the gap equation (23).
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For example, the zero-temperature gap equation for a sin-
gle isolated band m can be expressed as [58]

Aga =2 § *
qo = N Uy k—q,0Ym k+q.0
k

« Am,k(q)
V kg T Enk-a)* + Ak (@

from which the derivative can be easily calculated. Here
Anx(q) = (um,k+q|Aq|um,k_q) is the projected intraband gap
function. Unfortunately, for general composite bands, a closed
form like Eq. (27) does not exist since one needs to diago-
nalize the 2n-dim mean-field Hamiltonian Eq. (7) to get the

J

@7

pairing state W,. However, the perturbation method allows
us to expand Wy and the gap equation in powers of q. Thus,
Eq. (24) as its first derivative can be exactly calculated.

To proceed, we transform the gap equation (23) from or-
bital to band basis and project to the composite, reading

U,
—Fa ; 112(: Up - q.oWi k+q.a{Cl —k+qi Cl k+qt )q-

J'e

Ago =

(28)

Then we use the standard perturbation method to calculate
the pairing amplitude (cy _k4q)C1k+qt)q (€€ Appendix F).
Taking the total derivative of Eq. (28) with g, we finally
obtain Eq. (24) with

tanh(BEx/2) 1 X «
Myp = Z Z |ulka|28aﬂle ~5 Z Z Up o Uik U g UK

k leC

(+)
v (k E E;
Py (K) (tnhﬂlk—i—tanhﬂlk

[Elk + Erx
and

A
Voz,u = Z Z(”}kkaguulka - a/t“fkaulka)ﬂ

k leC

ApTP(k E Ey
><|: T )<tanh'3 ]k—i-tanh'B Ik

Ex + Erx

Although matrix Mg and vector V, , take a complicated
form, they have some simple properties we shall discuss now.
We assume that the composite C contains all the s orbitals of
the lattice model; therefore, M,g is an s-dim square matrix.
This assumption may not hold for some exceptional cases,
e.g., the atomic limit of the single-band projection of two-
orbital models (Appendix I) and the isolated flat-band limit
of the Lieb lattice, which will be discussed in Sec. V.

From Egs. (29) and (30) above, one first notices that Mg
is a real symmetric matrix, while V,, , is a purely imaginary
vector. Moreover, Mg contains factors ltika|%, U Wika» and
quasiparticle energy Ejx, which are all geometry-independent
quantities, therefore it is geometry-independent, whereas V;
is geometry-dependent. These properties are all governed by
Eq. (24).

One can also notice that M,z of Eq. (29) is not invert-
ible, since Zfs:l Myp = 0 (similarly, Y0 _, V,., = 0), which
implies that it has an eigenvector vo = (1, 1, ..., 1)T with
eigenvalue zero. Physically, this is associated with the U(1)
symmetry of the order parameter. The existence of such a ker-
nel vector implies that the rank of Myg cannot exceed s — 1.
In general, one can prove that under the UPC if the composite
bands contain all the s orbitals, then Rank(M) = s — 1. We
prove this for two special cases in Appendix G.

Nevertheless, one can imagine a process in which some
orbitals are removed from the composite, which may arise
from topological phase transitions or changes in the inter-
action scale. Whenever an rth orbital is removed (1 <r<ys),
e, =(..,0,1,0,...)7 (with the rth component Nnonzero
only) becomes an additional kernel vector of Mg, lowering

k Ll'eC
Ok E Ep
>+ P () (tanh—'B % _ tan P “‘)} (29)
BE.
anh le D0 st (| 3yuarc)
k [,I'eC
AP (k E Ey
+ P (%) tanh&—tanhﬂ LNk 30)
2 Ex — Epx 2 2

(

Rank(M) by 1. The reason is that the physics will no longer
depend on its position as the rth orbital becomes irrelevant to
the composite.

In addition, one can show that M, is positive semidefinite,
which means it has one zero eigenvalue and s — 1 positive
eigenvalues (see Appendix G). This vital property, as a con-
sequence of UPC, reveals that the uniform pairing channel
belongs to these “stable” solutions to the gap equation like
points A and C in Fig. 3.

V. GEOMETRY INDEPENDENCE AND THE LATTICE
GEOMETRIC TERM IN TERMS OF BLOCH FUNCTIONS

With the expression of matrix Myg and vector V, ,, it is
not difficult to show that each component of the SW tensor is
geometry-independent. For this, we write the second term of
Eq. (6) as

D® = 2Mypd, Ayd,Ag, (31)

KN7AY

where d,, A, = id, A!,. Under a geometric transformation that
translates orbital positions from xg to X, = xg + 8xy [74], it
is changed by

3DC), =2M¢p(8d, Aady Ay +d, AYSd, Ap+38d, Aydd, Ap),
(32)

where d,AY is d,A, evaluated at the initial positions
and 8d,AY is the change due to such a transformation.
Equation (32) can be further simplified using Eq. (H8) in
Appendix H. Similarly, the change of the quantum geometric
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FIG. 4. SW calculation of the Lieb lattice model. (a) The gray
square indicates the unit cell of the Lieb lattice and the three orbitals
A, B, C. Top: the tight-binding hoppings can be tuned to (1 &= §)t to
open a gap 2+/215 between the flat and dispersive bands. Middle:
lattice geometry assuming the three orbitals sitting on the same site.
Bottom: assuming the orbitals sitting on the regular sites of the
Lieb lattice. (b),(c) SW computed using Egs. (9) and (35) at T =0,
t/A = 10, u = 0. Part (b) assumes the geometry of (a), middle while
(c) assumes the geometry of (a), bottom.

term of SW, §D{!, can be evaluated by inserting Eq. (H2)
into Eq. (9). Then, one can immediately check the geometry
independence of the total SW,

8D, = DV +8DP =0, (33)

therefore we have finished establishing the relation between
SW and lattice geometry.

As mentioned at the beginning of Sec. IV, a shortcoming of
Eq. (6) to compute the SW is that one needs to either solve the
gap equation at a few q points to get the derivative d, A, or
vary the orbital positions in the whole geometric space to find
the MQM positions. However, since we have treated the gap
equation perturbatively to get Egs. (29) and (30), the total SW
can be computed using simple integrals of Bloch functions
and their derivatives without following these procedures.

In fact, as pointed out in Refs. [30,31], once we are
convinced that Rank(M) = s — 1, it would be convenient to
partially project [75] the matrix Mg, vector V; ,, and d,, A,
into an (s — 1)-dim subspace, in which the matrix M becomes
invertible, so one can write

duDy = (M ")V, (34)

where a tilde denotes the projected quantities. This finally
yields a simple expression for the lattice geometric term:
D@ =2(M " )upVe i Vs o (35)

S, LV

In this expression, the projected M and V are not unique but
can be taken as eliminating the first row and column from
matrix M and eliminating the first component from vector V
in Egs. (29) and (30). This corresponds to restricting to the
geometric space spanned by the s — 1 orbitals.

To show the utility of Eq. (35), we take the Lieb lattice
model [17,31] as an example. A unit cell of the Lieb lattice
is shown at the top of Fig. 4(a), where parameters ¢ and &
completely determine the tight-binding matrix elements. Re-
member that the hopping graph does not specify the positions

of orbital A, B, and C, which leaves the degree of freedom for
writing the Bloch Hamiltonian 4y . Since the hopping integrals
are usually defined from a given lattice structure, in this case
one can still imagine the underlying Bravais lattice as a square
lattice with Cy,, symmetry.

When 8§ # 0, the hopping graph breaks C, symmetry, mak-
ing the tight-binding model acquire a lower symmetry than the
imagined square lattice. Then it was found that the optimal
positions of MQM of atoms A and C no longer sit at the
midpoint of the side but shift towards the B atom [31]. As
a contrast, in our calculations using Egs. (9) and (35), we can
place the orbitals at any general positions in the unit cell. In
Fig. 4(b), we imagine the three orbitals sitting on the same
site, while Fig. 4(c) assumes they are sitting on the regular
sites of the Lieb lattice. Since we make no approximations
and take into account all the interband and lattice geometric
effects, the total SW data of the two geometries [two solid
curves in (b) and (c)] completely match, showing the geome-
try independence of the SW. One also notices that in Fig. 4(b)
the D'V curve converges to DV + D® in the large § limit,
whereas in Fig. 4(c) they converge in the § = 0 limit. This
exhibits how the actual MQM geometry approaches the two
geometries in the two limits.

Finally, we address two possible issues of applying
Eq. (35) for numerical calculations. The first regards the defi-
nition of composite for the Lieb lattice. For most parameter
ranges, one can take all three bands of the Lieb lattice as
the composiLe, which contains three orbitals; then matrix M
and vector V are 2-dim. However, in the isolated flat-band
limit, © ~ 0 and A < 16, the composite effectively contains
just the flat band, which comprises only two orbitals. Then as
Rank(M) is lowered to 1, we need to project M to a 1-dim
subspace to make M invertible. This gives a 1-dim matrix M
and vector V, which means for Eqgs. (29) and (30) we only
need to evaluate the integral for orbital A or C.

The second is about the differentiability of Bloch func-
tions in calculating vector V,, ,. For systems with nontrivial
topology, the Bloch functions may not be differentiable ev-
erywhere in the momentum space. Although the derivative of
Bloch functions can be locally singular in some cases, one
can argue on general grounds that the lattice geometric term
D is finite. Since the total SW D) + D@ is geometry-
independent and positive finite under the UPC, it implies
that D® is bounded: —D'" < D < 0. Here, we have used
the fact that D", which contains integrals of the quantum
metric, is always finite, which can be understood from two
generic cases. For gapped insulating states, the interband
quantum metric can be written in terms of velocity oper-
ators, (ukld,urk) = (wk|0,hklurk) /(Erk — En). Therefore,
the derivatives are shifted to the Bloch Hamiltonian, usually
a continuous and smooth function of k. In the case of a band
degeneracy, the quantum metric can diverge, giving a 1/k>
divergence near the isolated band degeneracy points, leading
to a logarithmic divergence of the intraband contributions to
DV, However, this divergence is canceled by the inter-band
geometric contributions due to the reduction effect, giving a
finite total DV [76]. In summary, even though the nondiffer-
entiability of Bloch functions may cause singularities at some
local k-points, it does not affect the numerical convergence
for calculations of both D! and D®®.
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VI. CONCLUSION AND OUTLOOK

We developed a perturbation approach to treat multiorbital
superconductors’ center-of-mass momentum (phase) fluctua-
tion. This approach naturally separates the superfluid weight
of composite bands into intra- and interband contributions
from Bogoliubov band transitions. Based on the reduction by
the interband geometric terms, a topological lower bound was
derived for the superfluid weight of isolated composite flat
bands. Applying the theory of band representation, we found
that the elementary band representations should be considered
the minimum “block” for deriving a stronger lower bound.

In studying the geometry independence of the superfluid
weight, we emphasized the role of the derivative of gap
equations in getting the Hessian matrix 8°Q/dALdA}. The
perturbation method facilitated the calculation as we ex-
panded the gap equation in powers of q. We analyzed the
properties of this Hessian matrix in detail and showed how
the positive semidefiniteness and rank information stem from
the uniform pairing condition. We finally rewrote the su-
perfluid weight formula into a convenient form suitable for
numerical calculations of any general tight-binding model.

Since the superfluid weight is the stiffness of the Meissner
effect, it naturally encodes the information about fluctuation
to a finite-momentum pairing state within a given channel.
Still, there is little information about competition between
superconducting channels and other correlated states [77,78].
However, as pointed out, the Hessian matrix of the grand
potential with respect to order parameters can be nonposi-
tive definite for multiorbital superconductors, and it contains
information about the stability of the channel. Whether this
allows one to determine the ground state is left to future
studies.

Note added. During the review process, we became aware
of Ref. [79], which discusses the geometry independence
of the superfluid weight for degenerate flat bands using the
random phase approximation. On topics in which there is an
overlap, our findings are consistent with theirs.
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ﬁkin = Z [cltozT(hlZ)aﬂckﬁT + CT—k,aL (hik)aﬁc_kvﬁi]
ka8

= Z {CLq,m[(th)a,g - V“Q‘Saﬁ]ck%—q,m — C—k+qal [(hi,kTJrq)a,g - ngaﬁ]cikJrq,m} + Z Tr{hilurq - V'Q}'
k

k,af

In the last line above, ), Trhkarq =Dk ei_kﬂ is q-
independent because k is summed over the entire Brillouin
zone, whereas ), Truq = qsN with N the number of unit
cells. Equations (A5) and (A6) together give Eq. (2).

APPENDIX A: INTERACTING HAMILTONIAN WITH
CENTER-OF-MASS MOMENTUM FLUCTUATION

By the transformation cjpo = (1/+/N) Y, e*®itx)ey,
(we chose this gauge for ¢k, if not otherwise specified), the
on-site intraorbital interaction takes the form

Hine = — Z Uacja»rcjaiciaiciaﬁ*

i,o

-y

kkqoc

ck+q at —k+q wlC—K+q.alCk+qat- (Al

The conventional BCS theory makes the ansatz that electron
k 1 pairs with —k |, therefore the reduced interaction H\"*"
only keeps the q = 0 term from above.

We now consider a pairing state of fluctuated CMM 2q
(i.e., phase fluctuation), so the reduced interaction keeps a
term of fixed and finite q, reading

o« t
- Z Fck+q,aTc—k+q,a¢c*k’+qsa¢ck/+qq0tT‘
kK o
(A2)

This form of interaction implies that in the fluctuated state
electron k + q, 1 pairs with —k + q, |. With the order pa-
rameter A defined by Eq. (23), Fourier transform gives

Aqo = —N“ ij<c_k+q,a¢ck+q.m>q. (A3)

To get Eq. (A3), we have used the fact that in the fluctuated
state Wq the electron k + q 1 pairs with —k + q |.. Using the
transformation between orbital and band basis

*
Ckat = E UlkaClkts C—kal = E Uo Cl,—k| >
1 1

(A4)

one obtains Eq. (28) (the sum over / has been restricted to the
composite due to projection).
With (A3), mean-field decoupling yields

(red) ~ i +
,lel: (q) > Z(Aq""ck+q,aTc—k+q,a¢ + H.c.)
k,o

| Agel?
+N; v

For the kinetic part, we shift the dummy momentum k by +q
for the spin-1, | sector, respectively,

(A5)

— ,u,q Z (Cli(xTckaT + Cik,alc—k,ai)
k,a

(A6)

APPENDIX B: SELF-CONSISTENCY EQUATIONS

For completeness, we derive the gap equation and electron
number equation, and we study their properties under TRS,
which is similar to Ref. [16]. With the grand potential Eq. (5),
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we first derive the gap equation

0 o v (B1)
on:, 4%
q.o
Using Eq. (2),
02 Tr{e” ﬂHMF(q)Z C—k+q.alCkiq.at} n A
IAL, Tr{e—FPnr @) U,
N
=D (e krqalhigatla + - Dga (B2)

k

This cancels by the definition of order parameter (A3); there-
fore, (B1) is proved.
Next, we look at the electron number equation:

02
P— _Nea qu

B3
e (B3)

where the fixed average number of electrons N, is a constraint
for the system; condition V¥ q means when we compare the
fluctuated state Wq of different q, N, is always fixed at the
same value. Using Eq. (2) again, one obtains

082 _ Tr{e—ﬂﬁMF(q) Zkam Cltaackao} (B4)
g Tr{e—BFur(@) ’
therefore Eq. (B3) is just
Ne =Y (ChuoChao)q (BS)

kao

The two self-consistency equations (A3) and (B5) deter-
mine all the properties of the fluctuated state W, and one can
solve them for Aq, Hq- In the presence of TRS, one can show
that whenever {Aq, Hq} is a solution to the self-consistency
equations of q state, then {A:;, Lq} 18 a solution to the equa-
tions for —q state (the single isolated band case was proved in
Ref. [58]). Then for the case of diagonal Aq matrix, A_q o =
A(’;’a and p_q = pq, so there are the following identities:

d
Fal =, (B6)
dqlt q=0
dAqa dAy, dA’
- = - - = ) (B7)
dqll« q=0 dqll« q=0 dq# q=0
where A{l is the imaginary part of Aq . The importance of

TRS will be discussed further in Appendix C.

APPENDIX C: SUPERFLUID WEIGHT FORMULA,
DERIVATIVE OF THE GAP EQUATION,
AND TIME-REVERSAL SYMMETRY

In this Appendix, we derive the SW formula Eq. (6). We
treat the free energy F(q) as a function of q only, while
Q(q, iq, Aq,as A(’;,a) is a function of q, g, Aq,a> Afw ex-
plicitly.

Using F(q) =
first derivative
dF 002 0 d

B ()

dgu  9q,  \uq dqy

IR dAg«
+ Z(BAqD, +c.c.).

qu

Q(q, iq, Aq,a A(’;,a) + 1gN,, we have the

(ChH

The second term cancels by the electron number equation, and
the third term cancels by the gap equation; therefore,

dF 99
dq, 9q,’

An important consequence of TRS is that F(q) is an even
function of q, so

vq. (C2)

ar |
dQM q=0

a2

220 o (C3)
861# q=0

Caution is needed if one wants to prove this like Egs. (B2)
and (B4). The derivative should not act on cyyq,+ and c_g4q,y
operators since they form the Nambu basis. At the same time,
the grand potential depends only on the eigenvalues of the
BdG Hamiltonian. One can calculate 9€2/0¢g,, directly using
an explicit form like Eq. (D5), and then show that Eq. (C3)
holds as long as quo is a Hermitian matrix up to a U(1)
phase, which TRS imposes. The case of a single isolated band
has been proved in Ref. [58]. If TRS is broken, SW being the
second derivative of free energy at q = 0 will lose its meaning
as a stiffness tensor, since the first derivative of free energy is
already nonzero.

In the presence of TRS, the second derivative of free
energy is

d°F  9’Q
dq,dq, 09,99,

32Q  dA o
+ Z 4 +c.c. ).
aqMaAqa dq,

To simplify this, we take the total derivative of gap equa-
tion (B1) with respect to ¢g,,, yielding

9%Q diig
a‘]/}.aﬂq dg,

(C4)

3’Q n 9%Q diig
BAE’aaqM aA;;,aan dqg,

?Q dA
+y ( - L c.c.) —0. (C5)
—~\ 085,085 da,

Changing  variables  Aqq, AL, = AL AL, (Aga =
AS , +iA] ), evaluating at q = 0 and using TRS properties
Egs. (B6) and (B7), one can verify that sz/dq,quv|q:0
gives the SW formula Eq. (6).

Moreover, Eq. (C5) at ¢ = 0 gives

1 Q PN i 0
S9Al gl | bt oo =0
2941 ,0AL /|,

(C6)

which exactly maps to Mupd, Ag —V,,,, =0 and the total
derivative of Eq. (B2). Therefore, we get Egs. (25) and (26)
in the main text.
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APPENDIX D: PERTURBATION APPROACH
TO CALCULATE THE SUPERFLUID WEIGHT

In this Appendix, we provide the steps of using the pertur-
bation method to calculate D{", Eq. (9).

&1 k+q Ark(q)
Ax(@)*  —&ik—q Aax(Q)
A2 k(q) & k+q
Hy(q) = | Apk(@)* Ao k(@)
Anx(Q)
A x(Q)*

where the empty entries are zeros. To aid in bookkeeping, in
Hy(q) we have assigned the (2/ — 1)th label to electrons, and
the 2/th label to holes of the /th band.

Let Ax(q) be some generalized Bogoliubov transformation
that exactly diagonalizes Hx(q),

Ax(q) Hi(qQ) Ak (q) = Ex(q). (D2)

Typically Ax(q) can only be determined numerically, and

Ex(q) = diag{Ei+(q), En—(q), ... } (D3)

is a diagonal matrix consisting of eigenvalues of Hy(q) (a caret
is used to distinguish from a number). The 2n eigenvalues
correspond to the n fluctuated Bogoliubov quasiparticle bands
(4+) and n quasihole bands (—). At q = 0 the spectrum is
particle-hole symmetric (PHS), Ejx+(0) = v Elzk + A% (we

also use symbol Eyy, for V&7 4+ A?).
After the diagonalization, H¢(q) of Eq. (7) reads

fe@=) [7;;qék<q>7k,q +) s,%m}

k leC

>\ | Aqal?
+NY e (D4)
a=1 o

where 7k!q is the Bogoliubov band spinor that exactly diago-
nalizes Hk(q). The projected grand potential is

Qc=— éln Tr{e FHe@)

= _ é ZTrln (1+ efﬂE“(q)) + Z Zézi,—mq
K

k leC

+N Z Bl (D5)
a=1 Ua .

1. Nondegenerate perturbation

Starting from the mean-field Hamiltonian projected to the
composite bands, Eq. (7), the first and third terms can be
organized into the 2n-dim BdG form

A k(q) Ax(q)
An x(Q)*
Arx(q)
—&3kq , (D1)
Enk+q Ank(q)
Ank(@* —&nk—q

(

In D), = 9,8,2c|q=0, the derivative acts on explicit q only
and does not act on jq Or Ag, giving [16]

1 3’E E
o ZTr{ k(Q) tanh BEK(q)
’ 2 - 9q,,0q, 2

(D6)

B 0Ex(q) 0Ex(q) _  , BEK(Q)
— sech
2 9q, aqy

q=0

Equation (D6) involves the first and second derivative of
Ex+(q). If we treat q as perturbation and find the eigenvalues
of Hyi(q) up to g* order, then D" can be determined. To
proceed, we approximate Ak(q) as

A(Q) 2 U =Uic ® - ® U,

Wik —VUk
e )

Uik Wik
is the Bogoliubov transformation for the /th band at q = 0,
with

D7)

where

(D8)

1
_(1 + El_k)
2 Ex

1
_1_51_"‘

D9
En (D9)

Wik =
Transformation Ui makes the off-diagonal elements of Hy(q)
small, therefore it splits into two parts,

U Hi(@)Ux = Ex(0) + H"(q),

where Ek(O) = diag{Ex, —Eix, - - -, Enx, —Enx} is the un-
perturbed PHS Bogoliubov spectrum, and ngl)(q) is the
perturbing matrix.

This is equivalent to expressing H¢(q) in the Bogoliubov
band basis defined by |/k+) = y;{( +(q)]0), where yj+ denote
the Bogoliubov operators of the /th band. The 2n-component
Bogoliubov band spinor yy ¢ = (Vik+(q), yik—(q), - . )7 isre-
lated to the electronic band operator through

(D10)

Yig = Ulz‘(cl,k'*‘QT’CI,—k-&-qi’ )T (D11)

As we see below, the separation Eq. (D10) results in an exci-
tation Hamiltonian

A (@ =D v A @y (D12)
k
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which separately accounts for the SW contributions from
intra- and interband transitions.

We first assume that at any k-point, no two bands of the
composite are degenerate (§;x = &;x), whether accidentally or
enforced by symmetry; additionally, we assume no two bands

J

have opposite energies (§;x = —&yk). These restrictions mean
the 2n Bogoliubov bands at q = 0 are disconnected through-
out the Brillouin zone, so nondegenerate perturbation can be
applied. We find that the energy eigenvalues of Hx(q) up to
O(q?) terms give n quasiparticle bands and n quasihole bands,

H(Q)a-1.20-1 ? H(Q)a—1.20 2
Eni(Q) = Ex + H" (@2-121-1 + Z | kE —E, | +Z| kE +E’ | + 0(g),
VeC, 4l k — &k rec Ik T Sk
|H (@) 21/—1|2 |H (@) 21/|2
En_(qQ) = —Ex + H (o + Y -1 Dk 222 L 0. (D13)
et lk k (@ar Z —Ex — Ex Z —Ex + Epx 1

I'eC

Here Hlil)(q),- ;j denotes the (i, j)th entry of matrix Hlil)(q). In
terms of the Bogoliubov basis, they are

H(Q—120-1 = (Ik + [H(Q)1'k+),
H (@00 = (Ik — [H (@)|I'k—),
H]EI)((I)ZFI,ZI’ = (lk+ IH]il)(q)ll/k—),

(D14)

which can be explicitly computed from Egs. (D1) and (D7).

After some algebra, we find that the derivatives of
Eq. (D13) with respect to q (which do not act on g or Ag)
give

OBt (@) g = bk (D15)
%‘Ik 4A2 I}
auavElki(q)L]:O ==+ E_lkauavglk - E_ll(g/w(k)

(+) (=)
P (K) Py (K) ’
_ Z 2|:E 11+E 3 l]_ 5 glliv(k) , (D16)
oy Ik I'k Ik 'k
where the coherence factors
1 Enérx + A2

+) &k >
Py (K) = —<1 + ———— ) = (wpwrk + vikvrk),

i 2 ExEpy

- 1 Exér + A2

(-) [kSI'k 2
Py (K) = —<1 — ———— ) = (WiVrk — ViWrk)

. 2 ExEpy

(D17)

come from the second derivative BMBV|HIEI)(q)21_],2p|2,

0,0, | Hy " (@),20 -1 0,31 Hy (@11 20117,
0,0y |H1i])(q)21,21’ |2, respectively. Physically, pﬁf)(k) accounts
for the transitions between a quasiparticle and quasihole
band, while pg;)(k) accounts for transitions between two
quasiparticle bands or between two quasihole bands.

Also, one notices that the intra- and interband quantum
metric comes from the expansion of intra- and interband
gap functions. If the fluctuation of Aq is ignored, they are
[see definition Eq. (8)]

Apk(qQ) = A{1 — 2{uk| 0 1x) g,
— [0 u|dvuk) + c.clguq} + 0(g%), (DIB)

and

A k(@) = =2A(uldurd g, + 0(g*), 1#1. (D19)

reC.l'#l

(

Since all matrix elements Hél)(q),- ; ~ O(q), the intraband
quantum metric gllw in Eq. (D16) comes from the O(g?)
term of Hlil)(q)zl_m;q combined with the O(g) term of
Hél)(q)y_],zl or the O(qz) term of Hé”(q)zz,zl combined
with the O(q) term of Hlil)(q)y,y_]. Whereas the in-
terband quantum metric glli/v only comes from the O(q)
term of Hé”(‘l)zz—l,zz/—l, H]il)(Q)ZZ—l.ZZ’, H]il)(Q)ZZJI’—I, and
Hél)(q)yyy/ of [ # I'. The transition processes they represent
are illustrated in Fig. 1.

Inserting Egs. (D15) and (D16) into Eq. (D6), one gets
Eq. (9) in the main text.

2. Degenerate perturbation

To get Eq. (9), we assumed that there are no two Bo-
goliubov bands at q = 0 being degenerate at any k point,
so nondegenerate perturbation was used. Otherwise, if a few
quasiparticle bands are degenerate at some isolated k points
or completely degenerate throughout the momentum space
(which requires the band energy & = ££;x), then degenerate
perturbation must be applied.

However, using standard degenerate perturbation, one can
prove that Eq. (9) remains the same even in the presence of
band degeneracy, which agrees with the general Kubo for-
mula result. In calculating current responses using the Kubo
formula, whenever two bands become degenerate, the only
change is to make the substitution

n(Ey) — n(Ey)
E —E,

dn(E)
dE

(D20)

E=E,

Similarly, for Eq. (9), when Ejx = E;x, one only needs to
replace

tanh(BEk/2) — tanh(BE;k/2) B
— SZsec
Ex — Erx 2

E
hz%. (D21)

Therefore, we conclude that band degeneracy poses no addi-
tional mathematical difficulty for expressing the SW DI as

Eq. (9).
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APPENDIX E: POSITIVE SEMIDEFINITENESS
OF THE SUPERFLUID WEIGHT

The purpose of this Appendix is to show that the first
term DV, Eq. (9), is positive semidefinite. This proof will
be independent of lattice geometry. Since the total SW D =
DV + D@ is geometry-independent and D® can be made
zero by choosing the MQM, it also shows that the total D;
is positive semidefinite for the uniform pairing channel, re-
gardless of temperature and any composite bands.

J

e ﬁElk

uw:ZZ_zt

k leC.l'¢C

_Z Z 4A2{ ’B?k |:Elk

k LI'eCl'>1

(k)

One first notices that the function

BEx BEx  ,BEK
— sech
2 2 2

tanh > 0, (ED)

so the conventional part of Eq. (9) is positive semidefinite. To
analyze the geometric term, we break the intraband quantum
metric g,, into interband ones g’lfv, and collect all the terms

with the same g//, (including the symmetric term [ <> I'), to
arrive at the following split expression:

2p (k)
Ex + Epx

zz/ ;) (k)
Elk — Epx

} +1 < 1/} (k). (E2)

Since each gﬂv (I # I') is negative semidefinite, all we need to show is that each quantity

E 1 (+) Kk ,) k
f (i, §rk) = tanh P lk[ - ® P &) i| +1ll (E3)
2 | Ex Elk + Erx Elk — Erx
is positive. Using definition (D17), we find
1 E 1 E; — &
fEnén) = —(—t ah P2 1 M) Sik — Bk (E4)
Epx 2 Eyx 2 )&+ &k
Note the factor S5 — (En—pi)” and the function (1/x)tanhx has a negative slope at x > 0 [same as Eq. (E1)],

Ex+En — (Ex+En)(Ex—Epyg)’

therefore f (&, k) > 0 and the positive semidefiniteness is proved.

APPENDIX F: CALCULATION OF THE PAIRING AMPLITUDE

In this Appendix, we give details of using the perturbation method to calculate the pairing amplitude (cy _k4qy 1 k+qt)q-
Recall that under transformation Uy, the mean-field Hamiltonian can be expressed as

Helq) =

D Vi o[B0) + H (@] g (F1)
k

where the perturbation matrix Hél) mixes Bogoliubov bands of different indices. Using the standard perturbation method,
the annihilation operator of the band-resolved quasiparticles that exactly diagonalize H¢(q), 7, can be expressed as a linear

combination of y operators:

- '(q) _ H" (@100
Vi (@) = v (@) + E %WH(‘]) + E #Vﬁk— Q) + 0(g%),
rec I+l Ik rec kT EIk
((I)zz 20— H" (@
Hy K , 2
= St e — T v 0 . F2
Y- (q) = yi—(q) + E ~En 1k+((1)+ E —Elk+El’k)/lk (q) +0(g") (F2)

I'eC

Here, to expend Hlil) (q);; in powers of q, we must take into
account the q-dependence of Aq, therefore we use

A x(q) = Adyp + (—2A (|0, upx)

N
+ Y UhgtrkaduA)g + O0@7)  (F3)
a=1
instead of Egs. (D18) and (D19). The normalization of ¥ oper-
ators is ignored as it leads to O(g?) corrections. Equation (F2)
can be viewed as a linear transformation ¥ = Ay between the

IeCl'#l

(

spinors ¥ and y, where A;j = 6;; + a;; is a matrix close to
identity, with a;; ~ O(g). The inverse of A has an approximate
form (A™");; = 8;; — a;j + O(g*), which enables us to write
operators y in terms of Y. Since the electron operators ¢ are
related to y through the transformation Ux, we can finally
write ¢ in terms of Y.

Since the ¥ operators exactly diagonalize the BAG Hamil-
tonian of composite bands, we have

(Vike (@) Pk (@) g ~ np(EEK) (F4)
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to the lowest order of q, where ny is the Fermi-Dirac function. Finally, one obtains the pairing amplitude

—SPEID A + (=24 el ) + X poy lumgPdu Dg)gu] + OGP, 1=1,
(+) (—)
(Cr —k+qiClLk+qt ) g = %[%(tanh % + tanh @) + %(tanh ’SET“‘ — tanh ’SEZJ):| (F5)
X (2A(ulk|8uu;rk) — Zi‘}:l u;‘kﬁu;rkﬁdﬂAﬁ)qﬂ + 0(q2). [ 7é l.

From this to get Egs. (29) and (30), we have also used the
q = 0 gap equation

U, tanh(BE/2)
1= — o 2—, Va. F6
v ;;mlk | T a.  (F6)

APPENDIX G: POSITIVE SEMIDEFINITENESS AND RANK
OF THE HESSIAN MATRIX FOR UNIFORM PAIRING

This Appendix serves to prove the rank and positive
semidefiniteness of the Hessian matrix Mg in Eq. (29).

We consider a general class of s-dim real symmetric matri-
ces Mg, which have a kernel eigenvector vo = (1, 1, ..., DT.
It implies D4, Mup = >, Map = 0. With this property,
we write Myg as

Myp = {Z;—l,v;ﬁa Coys @ =P,
_Caﬂs o ?éﬁs

where C,p (a0 # B) are just the off-diagonal elements of M
with a minus sign. We give three propositions below.

Proposition 1. If Cup >0 for all 1 <o, B <5, a #B,
then M, is positive semidefinite and Rank(M) = s — 1.

We use the criterion that all its leading principal minors
are non-negative to show the positive semidefiniteness. Let us
denote the leading principal minor of M of order k (1 < k < s)
by Dy (M). We find

(GI)

Dy(M) =M, =) Ci, >0,

(G2)
a#l
My M g
D>(M) = det <M; MZ) = Z Cia,Cra, — C12Coy,
a1 #l,a#2
(G3)
and
Diy(M) = (G4)

Z/ CloqCZozz te Ckotk~
O yeeny Ol
Here, >' means the summation imposed by the single rule
that there is not any subset {i;, ..., i;} € {1, ..., k} such that
{oiys ooy a,-j} is its permutation. This single rule leads to the
following subrules: (i) no C,, appears in the sum [e.g., (G2)],
since {«} is a permutation of {«}; (ii) no squares of any C
appear in the sum, i.e., for o # B, CpCp, is not allowed since
{B, @} is a permutation of {«, B} [e.g., Eq. (G3)]; (iii) in every
term of D (M), there is atleastan «r; (1 < j < k) thatis notin
the set {1, ..., k}. Subrule (iii) is a simple result of the general
permutation rule.

(

Using (iii), it is easy to show thatdet M = Dy(M) = 0, thus
Rank(M) < s — 1. Moreover, since each leading principal mi-
nor Dy (M) = 0, Myp is positive semidefinite.

Next, we prove Rank(M) = s — 1 by contradiction—if
Rank(M) < s — 2, then any minor of order s — 1 should van-
ish. However,

.....

since it contains at least one term Ci;Cy; - - - Cs_1 5, a contra-
diction (QED).

We want to emphasize that Proposition 1 together with
Eq. (Gl) is a statement about UPC. It can be equiva-
lently stated as “UPC leads to a positive-semidefinite M and
Rank(M) = s — 1.” We cannot prove the most general case,
but we will prove two special cases below, which still contain
enough information for understanding this general property.

Proposition 2. Under the UPC, if an isolated band m
contains s orbitals, then the Hessian matrix M is positive
semidefinite and Rank(M) = s — 1.

The condition above can be stated as “foreach 1 <o <
there exists a neighborhood of some k-point in Brillouin zone
such that |u,x,| # 0.” Based on Proposition 1, we only need
to show Cyg > 0. From Eq. (29) we find for a single isolated
band m,

Cp=Y tanh(BEy/2) (G6)

2 2
2Emk |umko¢| |umkf3| , @ #ﬂv

k

which is positive. Therefore, the proposition is proved.

By induction, we know that whenever an orbital is removed
from the band, one positive eigenvalue of M will approach 0,
lowering the rank by 1. It can be easily seen that |u,x.| — 0
if the rth orbital is removed. Then M will have an additional
kernel eigenvectore, = (...,0,1,0, ... )T (with its rth com-
ponent nonzero).

Proposition 3. Under the UPC, for a composite of n bands
formed from s orbitals, if (i) the composite is incomplete
(n < s), (ii) the n bands are energetically close to each other
compared to the interaction scale A, and (iii) the composite
contains all the s orbitals, then the Hessian matrix M is posi-
tive semidefinite and Rank(M) = s — 1.

This proposition is based on three conditions, but the first
two can be relaxed. Similarly, the third condition can be stated
as “for each 1 < o < s there exists some band [ € C and a
neighborhood of some k-point in Brillouin zone such that
|uike| 7 0.” The second condition states that the n bands form
an ICFB. With this condition one can omit the band index in
En, Ex — Ex. From Eq. (29), C,p of the composite bands
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can be expressed as

tanh(BEy/2) y .
Cop & Xk: Z—Ek llze:c Uprgo Ulka Uk g Ui’k

tanh(BEy/2)
= Z 2—k/|bk,aﬂ|2v (G7)
Ex
k
where we have defined
bkap = Zu}kkaulkﬂ (G8)

leC

Equation (G7) is the leading term of Cy if it is expanded in
powers of & — &x. Since it is required that the composite
is incomplete (n < ), we have |by ] strictly greater than 0.
Then Cyp > 0, and the proposition is proved. If instead n = s,
then by op = 8up, making the leading term of Cyp vanish.

For cases other than those stated in Proposition 3, one
should be able to numerically check that C,g > 0 always
holds under UPC. Analogous to the single isolated band case,

J

whenever an rth orbital is removed from the composite, e,
becomes an additional kernel eigenvector and Rank(M) is
lowered by 1.

APPENDIX H: EQUIVALENCE OF THE TWO
DEFINITIONS OF MINIMAL QUANTUM METRIC

In this Appendix, we show how the two definitions of
MQM given in Sec. IV are equivalent to each other based on
the rank information of matrix 32€2/9 Aéi)Allg.

Consider the geometric transformation that each orbital’s
position transforms as X, = x2 + 8x,. During this transfor-
mation, hopping integrals ¢ . are fixed, while the Bloch
components i, undergo the change

—ik-8%, 0
Uke =€ % Up . (H1)

The intra- and interband quantum metric transform accord-
ingly, g, = &80 + 8¢, g, = gl + 8¢/1,, with

i .
Sglw (k) = (qu8xv)?k — (Sxﬂ)?k(éxv)?k + |:<§ Z 5xa,u“?lfaav“?ka +c.c. — ’<5xu>?k(”?k|av“?k>> +u < u:|,

i

8¢ (k) = —1<6x Ve (82000 —
Qnv - 2 Wi’k v/l'lk 2

Here ()Y, represents the average over different orbitals in the
initial state u{, while ()%, represents the overlap between
different bands, i.e.,

2

’

s
0 0
(Bxu ) = Z Sxa,u|“1ka

a=1

g (H3)

(83x,8x,)p = Z 82,1 8Xar |
a=I

s

0o _ 0% 0
(0xu) e = E S0, U e Uiy -

a=1

With these established, let us vary the functional / in
Eq. (20) around some fixed positions {xg}. One can readily
show the following identity:

2i\, o
- (3)%-
{x3}

where V), is Eq. (30) evaluated at {x)}. Based on Def-
inition 2, if {Xg} extremize [, then Vo?,u = aﬂduA% =0,

al

0Xe,

(H4)

implying D*) = 0 in Eq. (6). Therefore, we have proved that
Definition 2 leads to Definition 1.

To show the other way requires the rank of the Hessian
matrix BZQ/BM A,0,Ag to be s — 1. The uniform pairing case
has been proved in Appendix G. Assuming Rank(M) = 5 — 1,
then the vanishing of D{® in Eq. (6) has two solutions: ei-
ther ) d,Ay =0o0r (i) d, Ay =d Ay =--- =d, Ay =ik,
uw ==x,y. These two solutions are identical up to a U(l)
gauge transformation [30,31]. To see this, we write the second

({820 fnc ot Bueye) + <5xv>(z)/1k(”?k‘au“?k))] T

(H2)

(

solution as

Age = Al +ik-q+ S (gD, (H5)

where A = (X,, A,) is a real vector and Sq(g?) is a complex
function of g> order. A new order parameter that has an overall
phase difference can be defined,

~

Ago =€ MAg 0, (H6)

which satisfies d, Ay =0 and recovers the first solution.
Both solutions above lead to the vanishing of extremization
Eq. (H4), since V,, , = Mypd, A,. We have shown that Def-
inition 1 implies Definition 2. Therefore, the two definitions
are equivalent.

With the knowledge that Rank(M) = s — 1, one can further
show that the minimal positions exist and are unique, up to
fixing the position of one orbital [31].

Starting from some general positions {xg}, let us con-
sider the transformation x, = Xg + 68X, again, under which
d,Ay =d, A0 +8d,A, and V,, = Vo?,u +6Vqy,u. Using
Eqgs. (30) and (H1), the change of V, ,, is found to be

8V = —2iAM,38x5 1. (H7)

By the invertibility of Mg in the (s — 1)-dim subspace, we
obtain

8y Ny = —2iA8x, 1. (H8)

Imposing d,, A2 + 8d,, A, = 0, the minimal positions are thus
located at

i
8xgy = ——d, A, H9
Yo oA dnBa (H9)

. . . ., . 0
from the initial positions {x, }.
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As discussed at the end of Sec. IV, when some orbitals are
removed from the composite bands, their positions become
irrelevant to the geometric functional /. Thus, the MQM or-
bital positions are hyperlines or hyperplanes in the geometric
space. We use two-orbital models as an example to illustrate
this in Appendix L.

APPENDIX I: TWO-ORBITAL MODELS

Inserting Eq. (H2) into Eq. (9), and inserting Eq. (H8)
into Eq. (32), we find both D" and §D® have a quadratic
form of the orbital coordinate change dx, ,, therefore they
take a parabolic shape in the 3(s — 1)-dim geometric space.
The eigenvalues of Hessian matrix Mg show the steepness of
the parabola, while the eigenvectors tell the directions where
the MQM functional undergoes the steepest change. When-
ever an orbital is removed from the composite, one eigenvalue
of Mg reaches zero, and its position becomes irrelevant to
the functional /. In this Appendix, we illustrate this using
two-orbital models.

For two-orbital models, one can define the composite to
contain either one (valence or conduction) band or both bands,
depending on the Fermi energy and interaction scale. Since
the position of one orbital can permanently be fixed, we write
I as a function I(r), where r = (x,y) = X, — X; is orbital
2’s position relative to orbital 1. To calculate /(r), one can
use the method of the Bloch function, i.e., using Eq. (H1)
to get (H2). Here, instead, we use the Bloch Hamiltonian
method.

We choose the lattice geometry where the two orbitals sit
on the same site as the reference geometry, r = 0. This defines
the Bloch Hamiltonian of a two-orbital model,

h(k) = do(K)oo + Y d;j(k)o; (1)

J=X02

[we omitted the spin index, so h(k) is for spin-1 only and
the spin-| sector is its time-reversal counterpart] where o; are
Pauli matrices in the orbital space. Then, the quantum metric
is
- 1o 4.9 3
v = &)y =&y = —8), = 70,d - 3,d, (12)

where d = (dy, dy, d.) and d= d/|d]| is a unit vector.
Under the geometric transformation, A(k) is transformed
by the unitary matrix (k) = diag{1, e’*7}:
h(k) = UK) hKUK), 13)

therefore vector d is rotated as

dy = dcos(k - ¥) + d sin(k - ),
dy = —d, sin(k - ¥) + d, cos(k - 1), (14)
d, = d,
which gives the quantum metric change
Zuv = guv + 3[(—d.dudy + dyd,d)r,
+ (—ddydy + dyd,d)ry + (d + dY)rury],  (15)
where p or r, = x ory. Then I(r) of Eq. (20) is

I(x) = Ip + Liox + Lyy + L3P +y2), 16)

with
I=)_ f(&)Trgk),

k

1 A A Ao
Il//, = E Zf(k)(_dxaudy + dyaudx)a (17)
k

1 U
h=7 Xk:f(k)(df +d}).

Here, the form of f(k) depends on whether the composite
contains only one or both bands. For the former, f(k) =
Soe)(K) = tanh(BE, )k /2)/Eyc)x; for the latter,

E, 1 E,
f(k) = — tanh PEuc | 1 o PEx
Evk 2 Eck
_ tanh BEw [ 2p4 (k) 2p( (k)
2 Evk + Eck Evk - Eck
E, 2pH)(k 2p)(k
_tanhﬁzk[Epuc( ) pvc( )i| (I8)
wk tEk  Ex — Ex

Notice that Iy, I, I, are all geometry-independent quanti-
ties. Completing the squares in Eq. (I6), one gets

L+ 1 Lo\’ Iy\*
Ty g Jx A
45 - 2|:(x+212> +<y+212) i|
19)

indicating that the extremal position is located at rp, =
—(x, I1y)/(2L). The sign of the parabola is determined by
sgn(lh) = sgn(f(k)). It turns out that Eq. (I8) is the same as
Eq. (E3), which we have proved to be positive. Therefore, for
two-orbital models, no matter whether the composite contains
one band or both the valence and conduction band, I, > 0,
and the function is minimized at the point r,;,. This is another
example showing that the Hessian matrix M for a composite of
two bands of a two-orbital model is positive semidefinite and
Rank(M) = 1, with the first two conditions stated in Proposi-
tion 3 relaxed.

Next, we consider two prototype models, the Bravais-
lattice BHZ model [80,81] and the non-Bravais-lattice Hal-
dane model [82], to show how the parabola evolves under
topological phase transitions.

The BHZ model [80,81] is defined on a square lattice.
Choosing the geometric gauge where both orbitals sit on the
same site, the Hamiltonian has

I(I’):I()—

d(k) = (tsink,, t sink,, m 4+t cos k, +t cosk,). I110)

Inserting this into Eq. (I7), one gets rmi, = (0, 0), regardless

of the composite, temperature, and value of m/¢. This is en-

forced by the C4 symmetry of the model hopping graph.
Similarly, the Bloch Hamiltonian of the Haldane model has

3
do(K) = 21, cos ¢ Z cos(k - a;),

i=1
d,(k) = t1[1 + cos(k - ay) + cos(k - a3)],
dy(k) = t;[sin(k - a;) — sin(k - a3)],

3
d.(K) = m — 2t, sin ¢ Z sin(k - a;).

i=1

(I111)
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Inserting this into Eq. (I7), we find ry,;, = (0, \/§), regardless
of the composite, temperature, #;, t;, and m values. This is
enforced by the Cg symmetry of the hopping graph.

As m/t — oo, both the BHZ and Haldane model transit to
the topologically trivial phase, in which d? + d? o 1> /m* —
0 (during the transition, we assume t, t;, f, are fixed but m
is varied). Suppose the composite contains the isolated va-
lence or conduction band only (A ~t <« m). In that case,
we find f(k) ~ 1/A, which has no dependence on m, there-
fore I, oc f(k)(d? + c?f) — 0, implying that the parabola in
Eq. (I9) becomes flat. This means the functional /(r) becomes
a constant in the geometric space as one orbital is removed
from the band.

Conversely, if the composite contains both the valence
and conduction band (A ~ m > t), it always contains two
orbitals, even in the topologically trivial phase. In the atomic
limit, from Eq. (I8), one can show
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Therefore, I, ~ 2/ A3 remains finite, and the rank of the Hes-
sian matrix does not decrease. This means I(r) of Eq. (I9)
remains parabolic in the atomic limit.

APPENDIX J: HESSIAN MATRIX
OF NONUNIFORM PAIRING

This Appendix studies the properties of the matrix of the
second derivative of the grand potential with order parameters
beyond the uniform pairing. In particular, we show that this
matrix may not be positive semidefinite.

We restrict the interaction to be an on-site intraorbital
density-density interaction. We also assume a time-reversal
invariant channel A in orbital space, i.e., under TRS, the
matrix A is mapped to itself up to a U (1) phase. Then for our
interaction type, the pairing matrix at q = 0 takes the diagonal
form A = diag{A|, Ay, ..., A}, whose entries are taken to
be real but may be nonuniform.

For simplicity, we consider the case of a single isolated
band at T = 0, with the gap equation given by Eq. (27). The

q = 0 gap equation reads

Ua Amk(o)
Aa:_ maz—, , 1< é . J1
Nijmu T a<s. (D)

Here A, x(0)= (1| A|umk> is the band-projected gap at q=0,
and E,x = V&% + A, k(0)* is the quasiparticle energy.

Following the discussions at the end of Appendix C and
computing the derivative of Eq. (27), we find

Sotﬂ Am k(O) 2 1 2 2
Mop = —— ) ——limkal™ — |tmar|” [ mp |
aff Ao{ ; 2Emk mko Z 2Emk mko mKp

k
J2)

and |
Vo= 3 L0t = Byttt B (0)
Kk m

— 2lttica "I (| AlBtti)). - (I3)

Now U(1) symmetry imposes )y MasAp =0 and

Z;Ss=1 Va.ulAe =0, so the kernel vector is instead vy =
(A1, Agy ooy AT

For the most general case, Rank(M) = s — 1. To study the

semidefiniteness, we take two-orbital models as an example.

Note that the off-diagonal elements of M,z are all negative, so

we write
—b
Map = (_ab i ) (J4)

with b > 0. Kernel eigenvector vy leads to a = (Ay/A1)b
and ¢ = (A;/A)b. Since a,c are the diagonal entries of
M, we conclude that for the two-orbital case, the Hessian
matrix is positive semidefinite if and only if sgn(A;A;) = 1.
This result coincides largely but not completely with the pair
density-wave transition discovered in Ref. [58] when one
Hubbard interaction turns repulsive, U;U, < 0. However, as a
reminder, there it was also found that a solution channel with
sgn(A;A,) = —1 exists when both interactions are attractive,
U 1, U2 > 0.

For models with more than two orbitals, similar but more
complicated conditions will be required for a nonpositive-
definite Hessian matrix.
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