PHYSICAL REVIEW B 108, 235108 (2023)

Nonanalytic corrections to the Landau diamagnetic susceptibility in a two-dimensional Fermi liquid
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We analyze potential nonanalytic terms in the Landau diamagnetic susceptibility, xgi,, at a finite temperature 7
and/or in-plane magnetic field H in a two-dimensional (2D) Fermi liquid. To do this, we express the diamagnetic
susceptibility as yg, = (e/c)? limg_,o 115 (Q)/ 02, where I} is the transverse component of the static current-
current correlator, and evaluate l'[JlJ (Q) for a system of fermions with Hubbard interaction to second order in
Hubbard U by combining self-energy, Maki-Thompson, and Aslamazov-Larkin diagrams. We find that at 7 =
H = 0, the expansion of I1"(Q)/Q? in U is regular, but at a finite 7 and/or H, it contains U>T and/or U?|H |
terms. Similar terms have been previously found for the paramagnetic Pauli susceptibility. We obtain the full
expression for the nonanalytic 8 x4, (H, T ) when both 7 and H are finite, and we show that the H/T dependence

is similar to that for the Pauli susceptibility.
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I. INTRODUCTION

This communication is about the Landau diamagnetic sus-
ceptibility, xgi,, Oof interacting electrons in a two-dimensional
(2D) Fermi liquid. Landau diamagnetism comes from the
orbital motion of electrons in the presence of a transverse
magnetic field [1,2]. For a 2D material, the Landau dia-
magnetic susceptibility xqi, measures the response to an
infinitesimally small out-of-plane magnetic field. For nonin-
teracting fermions, xgi, is one-third in magnitude and opposite
in sign to the paramagnetic Pauli susceptibility xpara, asso-
ciated with the alignment of the electron spin in an applied
magnetic field.

The behavior of paramagnetic susceptibility is well under-
stood. For interacting electrons, )para at zero temperature and
in the limit of zero magnetic field differs from free-fermion
expression .., = 2u3Nr by a factor [3,4]
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where m is the electron mass, m™ is the effective mass, dressed
by the interaction, and Fy is the Landau coefficient in the
spin channel with angular momentum component / = 0. Both
m*/m and Fjj can be obtained perturbatively, in the expansion
either in dimensionless ry for the Coulomb interaction, or in
the Hubbard U for short-range interaction (the dimensionless
expansion parameter is NpU, where Np = m/(2m) is the den-
sity of states on the Fermi surface). In the Galilean-invariant
case, the expansion in NgU in 2D yields, to order (NpU ¥ [5],
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At a finite temperature 7 and/or a finite magnetic field
H, Xpara has been obtained by analyzing corrections to Lan-
dau Fermi liquid theory both in 3D and in 2D [6-15]. The
Pauli susceptibility of free fermions has a regular expansion
in (T/Ep)? and (ugH/Er)?*, where Ep is the Fermi energy.
In the presence of interactions, the functional form changes:
Xpara(T, H) in 2D has a linear in 7' dependence at small T and
a linear in H dependence at small H. These dependencies,
along with a |Q| dependence of xpura(Q) at T = H = 0, come
exclusively from backscattering and reflect a special role of
the subset of 1D scattering processes in a multidimensional
system (a 2D system in our case). More specifically, 1D
scattering accounts for the €2/¢g form of the Landau damping
in the limit when Q2 <« vrq. Because of the 1/g dependence,
the effective interaction dressed by Landau damping is long-
ranged. A finite T and/or a finite H acts as a mass term that
converts long-range interaction into a short-range one. This
makes the derivatives d xpara(T)/d T?andd Xpara(F)/dH 2 sin-
gular, if one attempts a typical power series expansion of Xpara
in powers of T2 or H?. For this reason, we call these terms
nonanalytic even though dpaa(T)/dT and d xpa(H)/dH
are finite.

For the 2D Hubbard model, the paramagnetic spin suscep-
tibility to order U? at a finite 7 and H = 0 and at a finite H
and 7 = 0 are [10,15]
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When both H and T are nonzero, we have [9]
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The linear in 7 behavior of the paramagnetic spin sus-
ceptibility in 2D has been detected in iron pnictides [16—18].
The same physics gives rise to nonanalytic temperature de-
pendence of the specific heat coefficient, C(T)/T = a, +
byT in 2D and C(T)/T = a3 + b3T?log T in 3D (see, e.g.,
Refs. [7,8,19,20]). The latter has been observed first in
UAl, [21] and later in other uranium alloys as well as
TiBe;, [22-24]. The linear in T behavior of C(T)/T has also
been observed in helium films on a variety of substrates [25].

The goal of our work is to perform the same type of
analysis for the diamagnetic susceptibility, x4, It has been
argued [3,4,26,27] that the Landau diamagnetic susceptibil-
ity for interacting fermions cannot be obtained within Fermi
liquid theory as some interaction-induced corrections come
from fermions away from the Fermi surface. Still, xg4i, can
be computed directly in the expansion in either r; or NpU.
We consider short-range interaction and compute xgi, to
second order in NpU in 2D. We address two issues: (i)
whether x4i,(T = H = 0) is a regular function of NgU and
(i1) whether xgqi,(T, H) is a nonanalytic function of temper-
ature and in-plane magnetic field (we consider the case of
an infinitesimally small transverse field, which causes orbital
motion of 2D fermions, and a finite Zeeman field within the
plane). It is not clear a’priori whether x4o(7, H) has to be
nonanalytic. On one hand, it is a component of the magnetic
susceptibility, and its counter part, Xpara, iS nonanalytic. How-
ever, xgia 18 expressed via the correlator of charge currents
[Eqg. (5) below] and one may argue that it should have the
same properties as a charge susceptibility. The latter does
not have a nonanalytic 7 and H dependence because it mea-
sures the response to a variation of the chemical potential
W, and such a variation preserves 2/q form of the Landau
damping [28].

Regarding these issues, we first show that xgi, (T = H =0)
is regular, much like xpara in Eq. (2). The only difference is
that the linear in U term is absent. Because ygi,(T =H =0)
x HE(Q,H =T = 0)/0?, where HE(Q,H =T =0)is the
transverse current-current correlator [Eq. (5) below], a reg-
ular xgio(T = H = 0) implies T/ (Q, H = T = 0) scales as
Q’. This is expected but not a priori guaranteed as we
will see that individual diagrams for HH (O,H=T =0)do
contain |Q| terms. Such terms exist for spin-spin correlator,
where they combine into a nonzero total |Q| term, and for
charge-charge correlator, where |Q| contributions from indi-
vidual diagrams cancel out. We show that for HJLJ(Q, H=
T = 0) the |Q| terms from individual diagrams cancel out. In
this respect, the behavior of the current-current correlator at
T = H = 0 is similar to that of the charge-charge correlator.
Our analysis of ygi,(T = H = 0) complements several earlier
studies [29-31], which computed xqi(T = H = 0) for a sys-
tem with Coulomb interaction.

We then discuss the nonanalyticity of xq,. We show that at
a finite T and/or finite H, IT’ evaluated to order Q* contains
Q% H| and Q°T terms, i.e., xaia(T, H) is nonanalytic, much
like xpara(T', H). We reiterate, to avoid misunderstanding, that
Xdia(T, H) is the response to an infinitesimal out-of-plane
magnetic field. The in-plane magnetic field only serves to
induce a spin-dependent dispersion via Zeeman splitting. We
combine Xpara and xgia and obtain the nonanalytic term in the
full magnetic susceptibility.

kE+Q/2
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FIG. 1. The fully dressed polarization bubble that represents the
current-current correlation function.

To detect the nonanalytic terms in the diamagnetic sus-
ceptibility, we recommend reexamining the measurements
on the magnetic susceptibility of iron pnictides, particularly
BayFe,_,Co,As;. In earlier experiments, a magnetic suscep-
tibility was obtained as a response to an in-plane magnetic
field and had only a paramagetic (spin) component. If a
transverse magnetic field is applied, then both the spin and
orbital parts should contribute to the magnetic susceptibility.
Subtracting the in-plane magnetic field susceptibility from
the out-of-plane susceptibility, one can potentially isolate the
diamagnetic susceptibility and analyze its dependence on T
and H.

II. GENERAL THEORY

The static diamagnetic susceptibility is related to the static
current-current correlation function as
2 i i
e . TI7(0) . I (0)
Xaia = — lim —=== = 4m’ i lim —==
c>0-0 Q 0-0 Q

N )

where IT is the component of the current-current correlation
perpendicular to the direction of Q [4,29] (we set i = 1).
This ITY(Q) is the total current-current correlator, subject
limgp_, l'IJlJ(Q, 0) = 0 [32]. Diagrammatically, HH(Q) is ex-
pressed as the fully dressed particle-hole bubble with full
Green’s functions and one dressed and one bare current vertex
(Fig. 1). In analytic form,

d%*k
HE(Q) = 2T Z[ Wvﬁ‘rl(k, Q)(GQ - GQ—>0)’

(6)

where vkL is the component of the velocity perpendicular to

the direction of Q, I'; (k, Q) is the fully dressed transverse

current vertex, and Gp = G(k + Q/2, w,,)G(k — Q/2, w).
For noninteracting fermions, I'; (k) = vlf, and

d%k
M@ = -2 Y [ 4 S e[k + Q72 )

x Go(k — Q/2, w,) — Gy(k, )], @)

where Go(k, @) = (iw, — &)~" is free-fermion Green’s
function. At T =0,T Y, = [dw,/(2mw). The momentum
and frequency integral is infra-red and ultra-violet convergent
and can be evaluating by integrating over momentum and
frequency in any order. For a parabolic dispersion, Eq. (7)
yields, to lowest order in Q, 111 (Q) = —Q?Ng /(6m?) in both
2D and 3D, and Eq. (5) reproduces the usual expression for the
Landau diamagnetic susceptibility, Xgia = _%X;())a_ra [3,4]. We
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FIG. 2. The vertex function in the Hubbard model to first order
inU.

show in Appendix A that for a single band with an arbitrary
dispersion, expandable in even powers of momentum, Eq. (7)
reproduces the Landau-Peierls expression:

Zﬂ%mz d 3281( 828k 8281( 2
o= B gy . .
Kdia 3(271)d/ )| ol \ ok,ok,
(8)

The key interest of our study is the diamagnetic suscepti-
bility for interacting fermions both at 7 = H = 0 and when
either temperature or an in-plane field (or both) are finite. To
make computation less involved, we consider Hubbard inter-
action between fermions and assume that fermion dispersion
is parabolic. We present the Hubbard vertex in Fig. 2.

The full T1Y(Q) for an interacting system is obtained by
adding vertex corrections to the free-fermion bubble and by
dressing the fermionic propagators. Diagrams for 1} (Q) to
first and second order in NpU are presented in Figs. 3 and 4.
The wavy lines in these diagrams are the Hubbard U . In Fig. 3,
the diagram with the renormalization of the fermionic line
is traditionally called the “self-energy” or “density of states”
diagram and the one with the vertical wave line is called Maki-
Thompson diagram. In Fig. 4 for IT!(Q) to order U?, the first
two diagrams renormalize G into Gy, others renormalize one
vf; into I'; (k, Q). The last two diagrams in Fig. 4 (diagrams
f and g) are traditionally called Aslamazov-Larkin diagrams
and we will use this notation [33].

We will see below that the full HJLJ(Q) at order U? and at
T =0, H = 0 can be expressed in terms of the three diagrams
(a), (¢), and (g) in Fig. 4 (other four diagrams in Fig. 4 are
expressed in terms on these three). To make our notation more
concise, we will designate the diagram (a) as the second-
order self-energy diagram, diagram (b) as the second-order

<>

FIG. 3. The two distinct diagrams which appear at first order in
U. The first diagram is often called the Maki-Thompson diagram and
the second is often called the self-energy diagram.

Maki-Thompson diagram, and diagram (g) as the Aslamazov-
Larkin diagram.

III. NONANALYTICITIES OF THE
POLARIZATION BUBBLE

Diagrams (a), (c), and (f) in Fig. 4 all contain a polarization
bubble of free fermions Iy, (g, £2,,). Before we proceed with
the calculation of these diagrams first at T = H = 0 and then
at finite 7 and H, it is instructive to list the expressions for
Mph(q, 2,,) at small frequency €2, and momenta g near either
0 or 2kg, as these expressions will determine the nonanalytic-
ities of I (Q)(T, H) [7,9,10,34,35].

At T = H =0, the particle-hole polarization bubble of
free fermions in 2D is given by

Mot 2 = [ -5 42 G oGk + a0, + D)
phlg, Sépy) = (27_[)2 . » Wn q, Wy m)-
(&)
At small g and €2,,,,
q—0 _ m |Qm|
th (61, Qm) - Z -1 + (]O)

\/(UMI)2 + Q2

At vpg > |Quml, th_)()(q, Q,,) contains a nonanalytic |£2,,|/q
term.
Near g = 2kp,

e (g, Q)

m i [q ion  [q i
L + /Ly

2 + 2 kF

’

vrkp ke vpkp

an

g=q—2kp. For G<O0 and vrlg| > |2nl,
th_) 2k (g, 2,,) again contains a nonanalytic |€2,,|/§ term, as
one can readily verify by expanding in small €2,,/§ around
the branch cuts in the square roots.

These forms of the polarization bubbles give rise to the
appearance of nonanalytic |Q| terms in the individual dia-
grams for the current-current correlation function already at
T = H = 0. We show later that these nonanalyticities cancel
once all diagrams are added together.

For the analysis of nonanalyticities in x4, we will need
the expressions of the polarization bubble at a finite 7 and/or
in-plane H. When T = 0 and H is finite, the polarization is
spin-dependent:

(g, Q) = /

where

Tk dO o oGPk 4 g0+ D)
A ] A~ , W , W mJ)-
Qn) 27 q

(12)

Then one has to distinguish between thT (q, 2,) and
n;f (¢, ). At small ¢ and £2,, = 0,

HTT( Q )_ﬁ|9m|+
ph q, sém) = T Vrq
m |2
My (g, ) = — =+, (14
T J(rq? — QugH)

i 13)
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FIG. 4. The seven diagrams which contribute to the current-current correlator at order U2. We call diagram (a) the second-order self-energy
correction, diagram (c) the second-order Maki-Thompson correction, and (g) the Aslamazov-Larkin diagram.

where dots stand for regular terms. We see that a finite H is
crucial for IT g}f (g, ), where it cuts a long-range interaction
and causes singularity in the derivative with respect to H, but
not essential for l'IT (g, 2p). Near g = 2k, the situation is
opposite:

kF UFkF UFkF
g | i  2ugH
=z — , 15
+ kp UFkF Upkp ) + ( )

q 19) 7} i2
't . Q)= j4 _Bem [ B )
(q ) 4 \/kF UFkF + kF + UFkF +

(16)

where the ellipses again stand for analytic terms. We see that a
finite H affects the term where both spin indices are the same
and does not affect the term with opposite spin indices. Below
we combine fermions into particle-hole pairs in such a way
that we only get terms Hg}f (g, 2,,). With this we ensure that
all nonanalytic contributions come from only internal ¢ ~ 0.

At a finite 7 and H = 0, the particle-hole polarization
bubble near g = 0 has the same form as at T = 0, Eq. (10),
but now Matsubara frequencies are discrete, 2, = 2mmT.
The dynamical piece is present at m % 0, when €2,,, are finite.
The same finite €2,, then appears in the denominator and cuts
long-range interaction at vpg < 2nT, i.e., at distances r >
vp/(2rT). This in turn causes singularity in the temperature
derivative of ITpn(q, ;).

We are not aware of a closed form of the polarization
bubble near g = 2kr at finite temperature. In Appendix E2
we compute the linear in 7 contribution to ygi,(7) from

momenta near 2ky directly, without expressing it via the 2kp
polarization bubble, and for completeness also do the same for
the contribution from ¢ near zero.

IV. ZERO TEMPERATURE AND ZERO MAGNETIC FIELD
A. First order in U

We first consider corrections to the diamagnetic suscepti-
bility in the Hubbard model at both T = 0 and H = 0. The
diagrams for I1}(Q, 0) are shown in Fig. 3. These diagrams
have already been evaluated for the diamagnetic susceptibility
in the case of a dynamically screened Coulomb interaction in
RPA [29]. We show that in the Hubbard model, each of these
diagrams evaluate to 0.

We can write the contribution of the Maki-Thompson dia-
gram as

d’k dow

JI,MT _
= (Q’O)_ZUU (2n)* 27

2
— G- Q/2Gk+Q/2> , (I17)

where Giig2 = G(k £ Q/2, w). Taking k — —k, and not-
ing e_x = &k, we find

d*k dw
@n)? 2w
d*k do
@n)’ 2

v, Gr—0/2Gr+0)2
v, Gk—0/2Gr40s2 = 0. (18)

For the self-energy diagram, we first note that there is a com-
binatorial factor of two in addition to the factor of two due
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to spin summation. The resulting susceptibility is then

d*k do' d*k dw 2
5,00 =4U( | ——Gv ——— (V)G Giop ). 19
1 (Q ) (27_[)2 27 k (27T)2 27 (vk) k+Q/2Yk=0/2 ( )
Changing k — —k in the second term, we find
2 N2
/dzkda)(vi) GiJrQﬂGk,Q/g = /dzkda)(vz) Gk+Q/2G%7Q/2. (20)

However, doing frequency integration first, we find
2 . 0
dw GiopGi-gp =1 | do—(Giro2)Gi-g2
s / doG 0 (G ) (21
= —i 1) —(Gy—
k0275 ~(Uk-0/2

(22)

- f dw Gri0pGi_g /2

Comparing the two expressions, we see that HH’SE(Q, 0)=0.
We then must move to second order in U to detect the effects
of interaction.

B. Second order in U

To second order in U, there are a total of seven nontrivial
diagrams that contribute to the current-current correlator, as
shown in Fig. 4. We call the corresponding contribution IT;
(i = a to g). We incorporate factors of 2 from combinatorics
and from spin summation into IT;.

The calculation of the diagrams is tedious but straightfor-
ward. We present some details in Appendices B and C and
here cite the results. First, we verified that there are particular
relations between different I1;, namely IT, = —2I1;, 1, =

J

(

My =—TIly,and IT, = — % IT,. The total contribution will then
be

n7(Q.0) = 3, + M, + 31, = 5(I, + T1,)

+ 1T + T0y). (23)

Next, we find that O(Q?) contributions from diagrams (f) and
(g) cancel (see Appendix C). Then we can write the current-
current correlator as

JI _ l _ 2
[M7(0,0) = (I, + T.) =2U
2 kg

(g, 2n)

X (2(UI{)ZGz+Q/2Gk7Q/2Gk+q+Q/2

+ UzUI{JrqGk+Q/2Gk+q+Q/ZGk7Q/2Gk+q7Q/2)v (24)

where T(q, 2,) = [ (gi’;z 2GpGpiq and we have used the

abbreviation [, = [ d*kdw,/(27)’. Finally, we verified that
while both I, and I, contain nonanalytic |Q| terms, the sum
of the two has no net nonanalyticity, i.e., the expansion in Q
starts with Q?, the details of which are in Appendix B

In explicit calculation of l'IJlJ(Q, 0) from Eq. (24), we
evaluate the integral over w, first, then expand out to order
Q. This procedure ensures that relevant contributions from
wpy ~ vpQ are all included. The result is

2U2 oo o0 d ) 2 2 6 3
0.0 = — 22 / dszm/ 6—;(\/a2—1+\/(a*)2—1)<a e o
0 0

(2m)*

where o = % — %. Numerical evaluation of the integral
gives

mQ?U?
@Qmyt
For the correction to the diamagnetic susceptibility, we then
have

5117 (0,0) = —0.2618

(26)

2 1
Sxoa = & lim 22D
c2o-0  Q?

where A = 0.7854 /. To five significant digits, A = 1/4, and
we believe that this is the exact value of A.

We see this correction enhances the diamagnetic suscep-

tibility compared to that for free fermions. We note that the

sign of this correction is opposite the sign found in previous

= AxLNEU?,  (27)

(@)Y q* + 2¢* + 60 q + 3
(@2 — 1) (@) = 1)

(25)

(

work in the case of the dynamically screened Coloumb in-
teraction [29,31]. In that case, interactions have been found
to decrease the magnitude of the diamagnetic susceptibility.
However, Refs. [29,31] only considered diagrams to first order
in the interaction. In our case, a nonzero result for 6 x4, ap-
pears at second order in U. By magnitude, 6 xgi,/ Xgia is about
a third of & xpara/ Xgm in Eq. (2). We see that even though
diamagnetism is enhanced by the Hubbard interaction, the
enhancement is smaller than the increase in the paramagnetic
susceptibility.

We also note that the convergence of the double integral
in Eq. (25) at large €2,, and g implies that to second order in
U the diamagnetic susceptibility still comes exclusively from
fermions near the Fermi surface, where one can linearize the
fermionic dispersion in k — kr. At higher orders in U, we
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FIG. 5. The relevant diagrams for the current-current correlation in the presence of a finite magnetic field. @ and S label spin-up and

spin-down states, respectively.

expect that there will be some dependence of the upper cutoff
of the low-energy theory.

V. NONANALYTIC CONTRIBUTIONS TO THE
CURRENT-CURRENT CORRELATOR

We now consider the effects of finite temperature and finite
in-plane magnetic field. To do so, we consider precisely the
same U? terms as before, but with either a finite in-plane
field H or finite temperature 7. At a nonzero H, fermionic
dispersion becomes spin-dependent g — 82(“ =& = ugH,
while for finite temperature the integrals over frequency are
replaced with sums 2, — 27mT and w, - 2n+ )7 T.
We recall that we have chosen an in-plane field to make a di-
rect comparison to the case of spin susceptibility, for which a
Zeeman field gives rise to nonanalyticity. We emphasize again
that the Landau diamagnetic susceptibility we calculate is not
the response to the Zeeman field. Rather, we are calculating
how the response to an infinitesimal out-of-plane magnetic
field changes when there is a finite in-plane field present.

We calculate both § x4ia(H, 0) and § x4ia(0, T') analytically
by restricting to contributions from small ¢ in the polarization
bubble Iy, (g, £2,,). For a finite H, we argue that this is the
full nonanalytic contribution. For a nonzero T and H = 0, we
show that there is also the contribution from g ~ 2kp.

As a side remark, we note that, though we only consider
constant U here, the calculations can be straightforwardly
extended to a momentum-dependent interaction U (q) using
the same strategy as in Ref. [10] for the spin susceptibility.
We expect that, like in that case, the prefactors for the non-
analytic terms are expressed in terms of U (0)2, U (2kr)?, or
UO)U 2kr).

A. Magnetic field

As we said, in a finite in-plane field, fermionic Green’s
functions become spin-dependent, Gy, = (iw, —&f)~' and

82(“ = gy = upH. We first note that upon adding all dia-

grams, the terms that exclusively contain G4 or G| will cancel.
We can see this by explicitly adding up diagrams with the
same momentum labeling, then noting the difference in the
spin indices for each of the Green’s functions. As an example,
consider diagrams (a) and (b). Writing them together, we have

2 o
/k (v) (Zn (q. 2)(Gir0/2.0)*Gi—0/2.4Girgr02.8
-q o, B

- Z **(q, Q)(Gk-‘rQ/Z,a)sz—Q/2,aGk+q+Q/2,a)

o

N2 N
=/ (v7) ZH P (Grr0/2.0) Gi—0/2,0Grrg+0/2.5-
kaq a#p
(28)

This immediately implies that of the seven diagrams in Fig. 5,
only diagrams (a), (c), (f), and (g) contribute, with spin index
B # «a. Next, we explicitly verify (see Appendix C) that at or-
der 02, diagrams (c) and (g) cancel each other, i.e., & xgia (H, 0)
is the sum of diagrams (a) and (f). Finally, we use the fact that
nonanalyticity in the polarization bubble made of fermions
with opposite spin projections comes from momenta g ~ 0
and construct the polarization bubble in the diagram (f) out
of fermionic propagators shown by vertical lines (they have
opposite spins & and ), and construct the polarization bubble
in the diagram (a) using one of the two B fermions and the
o fermion “located” immediately below § fermions in Fig. 5.
The sum of diagrams (a) and (f) is then expressed as

e =02 Y [ {17 200[200) (G0
aFp

o B vy o
X Gr_02Giigropn T ViVisgOkr0n2

5
x G026l 1q1012Gtsq-07]) (29)
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FIG. 6. The numerical evaluation of diagrams (a) and (f). Here
we have not restricted the magnitude of ¢ to small values. The result
for § xain(H, 0) o< |H| agrees with the analytical calculation done by
restricting to small g.

The evaluation of this expression is again tedious but straight-
forward. We present the details in Appendix D. The result is

U202 [
_ &/ A,
m?(2m)* J o

o0
x/ dqq
0

Integrating over g, subtracting off the H = 0 case, and then
integrating over £2,,,, we find

ST (H) =

P (420 + 2usH) + viq’)
4((Qm + 2upH) — v}g?)*

(30)

U sz wplH|
" 24Q2n)} Ep
» uplH|

=7 xS U*N? o 31)

ST (H) = = Sxdaia(H)

To verify this result, we computed the sum of diagrams (a) and
(f) numerically, not restricting to small g. We plot the results
in Fig. 6. We see that there is a fairly good agreement with the
analytical analysis, in which we restricted to only small g. The
agreement confirms that nonanalytic § x4;,(H, 0) comes from
only g < kp.

B. Finite temperature

We now perform the same analysis as above in the case of
H = 0but T # 0. We first consider analytically the contribu-
tion from small g, i.e., from vpg ~ 2, ~ T. The calculation is
very similar to the one in the previous section and the result is
Eq. (29) with H =0, and [dQ,,/2n —> T 2 g, Using the
expression for Il(g, 2,,) in Eq. (10), this equation can be
re-expressed as

222

2(2 )3

392 qu2_4QZ)
R ]

(32)

We now sum over £2,,, subtract off the 7 = O contribution,
and integrate over ¢g. Doing so, we find

UQ*m T
482w )3 Er
1 T

=g XiaU "NF (33)

ST} 4g(T) =~ = g (T)

where, we recall, Xgm = %MéN[J is the bare diamagnetic sus-

ceptibility. We see that §TT%/ 4=0(T), and hence & x& %0, T),
scales linearly with T'. For completeness in Appendix E we
calculate this term by summing over the two fermionic Mat-
subara frequencies first, expanding to order Q?, and evaluating
the resulting term. The result gives precisely the same expres-
sion for this linear in T term as above.

We also analyze the linear in 7' contribution to & HE(T)
from g ~ 2kp. This analysis requires more efforts, and we
present it in Appendix E 2. The result is that there is a linear
in T contribution to x4i; from g = 2kp, which is equal to the
contribution at ¢ = 0, i.e.,

T
=2k,
SXdla I(T) - 8 c(l)laUzN2

FE (34)

Adding the two terms together, we find for the total nonana-
lytic contribution at finite temperature

T
XdlaU2N2

S xaia(T) = FE (35)

C. Finite magnetic field and temperature

We note that, when internal ¢ ~ 0, we do not need to set
either H =0or T =0. In fact, if we make the replacement
E - > Q= Q, =2xmT in Eq. (D), then we can
directly calculate the contribution at finite temperature and
finite magnetic field. Doing this, we find
o U>N} usH

csch? M
8 Ep T

H H
X |:sinh (2“; )— i :|

To find the total scaling function, we must also take into
account the contributions from g = 2kr. We recall that there is
a nonanalytic contribution from g = 2k at finite temperature,
but not at finite Zeeman field. Taking this into account, we
obtain the total

d1a (H T) - dld

(36)

Sxaia(H, T) =} Xdia 8 E T T
F

. upH upH
X [sinh {2 - 1. (37
o () 7 ) o
We note that the ¢ = 0 contribution to the diamagnetic
susceptibility contains the same scaling function as the param-
agnetic susceptibility. The overall scaling function is different
due to the presence of the ¢ = 2kr contribution in the dia-

magnetic susceptibility. Adding both the paramagnetic and
diamagnetic contributions together into the total magnetic

0 U? NF {MBH hz(MBH)
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susceptibility, we find
XH, T) =3l + 3NpU + 1.09WNp U )?)
+ 138 Xpara(H, T) = 158 Xpara(0, ), (38)

where 6 xpara(H, T') is given by Eq. (4).

We make a few remarks on the extension of these calcu-
lations to 3D. In the case of the spin susceptibility, there has
found to be a H?log H contribution to the spin susceptibil-
ity [9]. Since the calculations to the diamagnetic susceptibility
have paralleled the spin susceptibility in the 2D case, we
would then expect there to be an analogous nonanalyticity
in the diamagnetic susceptibility. The calculations in for fi-
nite Zeeman field in 3D for the diamagnetic susceptibility
would proceed in the same ways as we have done above,
i.e., assuming that momentum transfers are close to ¢ = 0 or
q = 2kr, and evaluating the relevant diagrams in these limits.
In the case of finite temperature, one needs to be more careful.
For the spin susceptibility, one would expect a T?log T term
analogous to the H?logH term. However, this is not the
case—in 3D, there is no T2 log T nonanalyticity in the spin
susceptibility. One is not able to determine whether this is
the case for the diamagnetic susceptibility immediately based
on our results. Further calculations in 3D are necessary to
determine if such a T?logT term could be present in the
diamagnetic susceptibility.

VI. CONCLUSIONS

We have analyzed the Landau diamagnetic susceptibil-
ity diagrammatically for a model of 2D fermions with
Hubbard-like interaction. We used the relation x4z =
(e/c)? limg_, HH(Q)/QZ, where l'IJlJ is the transverse com-
ponent of the static current-current correlator. For free
fermions, we reproduced diagrammatically the Landau-
Peierls formula for arbitrary fermionic dispersion (it reduces
t0 Xdia = —(ZM%;)NF /3 for a parabolic dispersion). For in-
teracting fermions, we evaluated I'IJLJ(Q) up to second order
in Hubbard U by combining self-energy, Maki-Thompson,
and Aslamazov-Larkin-type diagrams. At first order in U,
we found no correction to the diamagnetic susceptibility. At
order U?, we obtained a regular correction 8 ygi, o< U? at zero
temperature and zero magnetic field, and explicitly obtained
the prefactor. In the process of calculations, we found that
individual diagrams for HH(Q) contain nonanalytic |Q| terms,
but these terms cancel out in the full expression, and HJj (0) x
Q. In this respect, 17 (Q) behaves similarly to charge po-
larization, for which |Q| terms from individual diagrams also
cancel out.

We next considered the corrections to the prefactor of
the U? term in 8xg, in both temperature and magnetic
field. We showed that the Landau diamagnetic susceptibil-
ity does indeed have nonanalytic linear in 7" and linear in
H terms. In this respect, the behavior of the diamagnetic
susceptibility is similar to that of the paramagnetic Pauli
susceptibility, which also contains such terms. We computed
analytically the prefactors for O(U2T) and O(U*H) terms
in §xqia for parabolic fermionic dispersion. We found that
for both finite temperature and magnetic field, the non-
analytic contributions are of the same sign as the bare

Landau diamagnetic susceptibility, and therefore serve to en-
hance the diamagnetic effects as temperature and magnetic
field increase. By magnitude, nonanalytic corrections to the
diamagnetic susceptibility are comparable to nonanalytic cor-
rections to the spin susceptibility.
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APPENDIX A: REPRODUCING THE LANDAU-PEIERLS
FORMULA FROM DIAGRAMMATICS

In this Appendix we derive diagrammatically the Landau-
Peierls formula for diamagnetic susceptibility of free fermions
with arbitrary dispersion. The calculation has been performed
in collaboration with D. L. Maslov.

The formula for the diamagnetic susceptibility in a free
electron gas has been derived by Landau in 1930 [2]. Three
years later, Peierls obtained a correction to this expression
when the electrons experience a periodic potential due to
ions [36,37]. This correction is usually written as the sum of
the contribution from the ions and from conduction electrons.
The contribution from the conduction electrons is

2p3m? / 0 326k %6k e\’
o= s~ | d°k - ,
Xdia = 32yl @0 Gz e~ ok,

(AD)

where n’F(sk) = Z(’)”T‘; and d =2, 3. We note that as T — 0,
ni(ex) = —8(ek), so at sufficiently small 7', the above inte-
gral is equivalent to averaging the integrand over the Fermi
surface. Equation (A1) is known as Landau-Peierls formula.

It is well known that the Landau diamagnetic suscepti-
bility yqi, for free fermions with a parabolic dispersion can
be reproduced diagrammatically by expressing xgi, via the
transverse component of the static current-current correlator,
(Q) as x4 = (e/c limg_.o TT¥(Q)/Q? [Eq. (5) in the
main text], and evaluating HH(Q) as the particle-hole bubble
with transverse velocity v]f in the vertices [4]. Our aim here is
to show that the diagrammatic formalism can also reproduce
Eq. (A1) for an arbitrary dispersion relation.

For arbitrary dispersion, the particle-hole current-current
bubble is given by

d
(0%, 0) = —2TZ/ d ];d (vi)zG(k-i-Q/Z, wp)

Q2
xGKk—-Q/2,w,) — -+ (A2)
dlk w2 ir (ex+Q2) — nr(8k—q/2)
[ L e
(2m) Ek+Q/2 — Ek—Q)2
(A3)

where dots stand for the Q = 0 terms that needs to be sub-
tracted. To get the Q° term in I'IH(Q)?, 0), we must expand
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each term in the right-hand side of Eq. (A3) to order Q. Doing
so, we find

Uz = B_kv = 8y8k, (A4)
0 " 0
Ek+Q/2 = €k + Eaxé“k + §8X &k Eaxé‘k, (AS)
Q3
ek1Q/2 — Ek—Q/2 = Qe + — ek, (A6)

24
nr(ek+Q2) — nr(ek—q/2)
Ek+Q/2 — €k—Q/2

2
= nj(ex) + %(Sn;<ek)afsk + nf (ex)(3:8k)%), (A7)

where have made use of the notation aik = 0;. Inserting these
expressions into Eq. (A3), subtracting off the Q° term, and
using Eq. (5) to find the diamagnetic susceptibility, we have
s

32w )4
+ Y (ex)(3rx)?).

Examining first the term proportional to ny(sx), the ex-
pression can be simplified by using the chain rule to write
ny (ex)dyex = 0N (ex) and then integrating by parts to find

i = / k(3,01 (3810 e

(A8)

/ddkn}f-/(Sk)(aySk)z(axgk)z

0
= - / df’kn}(euﬁ[(ayekf(axek)]. (A9)

Simplifying the above expression and inserting it back into the
diamagnetic susceptibility, we have

2.2
Mg "
Xdia = — 61;12 /ddknp(8k)

x [07ex(Byer)” — dxexdyex (9,6x)]-

Again using chain rule to write n}, (g )dyei = dynj (k) for the
first term and n}. (g )dxex = dyny (ex) for the second term, then
integrating by parts once more, we get

212 m? 926, 92 52 2
Xdia = M/ddk’%,v(ﬁk) LA . i .
32w )4 k2 8ky2 0k, 0k,

(Al1)

(A10)

This is precisely the Landau-Peierls formula for the conduc-
tion electron part of the diamagnetic susceptibility, Eq. (A1).
If we take the ratio of )4, and Xpar for free fermions with an
arbitrary dispersion relation, then we find

Xdia 1 m?

=" ke
Xpara 3 fddk n}:(sk) Fk

3281( 328k 328k 2
X — .
ak2 akg ok, 0k,

(A12)

2,

l : 825k 328k _
The factor of —3 emerges when the quantity W
9%e 2. ) . . . . .
(3 T a‘]‘(y) is m~~, that is when the dispersion is parabolic.

We emphasize that Eq. (All) is for a single band of
fermions. In materials with multiple bands, such as bismuth
and graphene, the Landau-Peierls formula does not give the
full contribution to the diamagnetic susceptibility [38,39].
Besides, when electrons are in a periodic potential, there is
an additional term expandable in powers of the density that is
not included in the Landau-Peierls formula [40,41]. This term
describes Langevin diamagnetism in the limit of tight-binding
and is relevant when the density of fermions is not small. Still,
there is evidence from ab initio calculations that, in at least
some materials like the alkali metals, the Landau diamagnetic
susceptibility is adequately described by the Landau-Peierls
formula [42].

APPENDIX B: |Q] NONANALYTICITIES OF
SELF-ENERGY AND MAKI-THOMPSON DIAGRAMS

Here we explicitly calculate |Q| nonanalyticities in the
current-current correlator for the diagrams (a) and (c) in
Fig. 4, i.e., the second-order self-energy and Maki-Thompson
diagrams. From similar calculations for the charge and spin
susceptibilities, we know that these nonanalyticities comes
from contributions of small momentum and frequency trans-
fers as well as momentum transfers close to 2kr. We begin
by considering these small momentum transfers in both the
case of the second-order self-energy and Maki-Thompson dia-
grams, then consider the backscattering case in these diagrams
afterward. To simplify notations, below we relabel 1" by
just IT.

1. Nonanalyticity from small ¢

We first consider the case of the self-energy diagram,
which is given by

N2
(g, 2m)(v;) G%+Q/2Gk—Q/2Gk+q+Q/2-
(BD)

I1,(0, 0) = 8U*> /

k.q

For small ¢ and Q, all contributions come from close to the
Fermi surface, so we can make the approximations

&x = vp(k — kr), (B2)

ekto2 = &k £vp - Q/2, (B3)
Ekqqro2 =&k +VF-qEvp - Q/2, (B4)
v, = vp sinb, (B3)

where vy = 'UF]% and 6 = Z(k, Q). Noting the expression is
even over 2, so that we can reduce the expression to an
integral over €2,, from O to oo, and then integrate first over
¢r. The integrals over w, and 6 are also elementary, and can
be evaluated to give

UZ 2 00
.0 = =4 [ @ [ ag,na
0

Qy,
)v]ZTQZ(iQm — V- q)?

(12 — Ve - — V2 0? — (9 — vr - @), (B6)
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where we note that in the small g approximation, we can write

m Q
(g, Qm):g 14+ —. (B7)

Ve +
We make the change to polar coordinates here, so that €2,, = rsin¢ and g = r cos ¢. We also rescale r to be in units of Q, so
that the total function is now
iU%kr|Q) r
4 (ising — cos ¢ cos € )?
x (r(ising — cos ¢ cos &) — iy/1 — r2(ising — cos ¢ cos £ )?), (B3)

where £ = Z(k, q) and I1(¢) = m/2m (—1 + sin ¢p). We note that this term is divergent over r, and needs a cutoff r,,,,. However,
we are only interested in the nonanalytic contribution of this term, which is a low energy contribution independent of the cutoff.
Integrating over r and negelecting the cutoff—dependent terms leaves only

2
dd)/ dé/ drTl(¢)sin ¢ cos ¢

- 10 / 7 1
ST14=0(0, 0) = — L4 " deT
a« (@0) 3 S 3wt ¢ d (¢)Sm¢cos¢( sin ¢ — cos ¢ cos £ )*
U’k
- F—m|Q| d¢(—l + sin ¢) sin ¢ cos ¢(5sin 3¢p — 3 sin )
2474

U2ka

=10l (B9)
Now we can also consider the Maki-Thompson contribution. The diagram gives
I1,(Q,0) = 4U2/ (g, Qm)U;{Ui+qu+Q/2Gk—Q/sz+q+Q/2Gk+q—Q/2. (B10)
k.q

We note that to lowest order, we have v, g = v;, as the additional corrections due to ¢ yield only contributions to orders 0? and
higher, so we may discard them. Knowing this, we can integrate over &, w,, and 6 to give

Uva 2 lQm . 2 .
" [ @ f ARG, ) e (0 =V -4 = VR0 — i —ve-aR) (BID

Comparing the above equation to Eq. (B6), we find that this contribution exactly cancels with the contribution from the self-
energy term. Therefore, there is no net nonanalyticity at g ~ O for these two diagrams.

2. Nonanalyticity from momenta near 2kp

We now consider the nonanalyticities which come from momentum transfers close to 2k, corresponding to backscattering.
In this case, we can approximate &y, = —&¢ + Vg + 2vpkp (1 + cos ), where § = (¢ — 2kr) and k - § = cos 6. In addition,
the dominant contributions will come from angles close to perfect backscattering, so we can additionally write 1 + cosf =
%(n —0) = %82. Then, we can write the self-energy contribution as

) N2
ST+ (Q, 0) = 8U* f (v]) T1(q, ) (Gir0/2)*Gi—0/2Grrgr0p2
k.q

=8U% | Ti(g.Q in ;) ! ’ ! !
- q, m)(UF Slnel) N i =. (BIZ)
k.q

iwy — €kr02) 1wn — €02 i(Wy + ) + Exr0/2 — VPG — VrkpH?

We can rescale &, w,, 2, ¢, and 9 to be unitless, and then integrate over &. Doing so, after some simplification, we find

2U0%p|QIm [ [ g T — . 2
T/_wdq/() de/O dG]/O dO(\/q—l—lQm—i—\/q—sz)sm 0,

e 1
Im(/o Lo om + ) — 4= B2 ion + ) — G 92+cos91>> B13)

where we have written (g, 2,,) as m/27w (/G + i, + /G — I2n)- We can t~hen convert this to polar coordinates, with
G = rcos ¢ and €, = rsin ¢. Rescaling variables so that w, — rw, and 0 — /rf, we get

r

2U2kp|Q|m T b4 o poo ) = 1
—— Im d¢ 0, do dw, drcos¢/2sin” 0 — - = - - = . (B14)
0 0 0 0 0 0 (iwy, — e — 02)2 r(iw, — e~ — 62) + cos O,
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Integrating over both r, taking only the low energy, cutoff-independent term, and then integrating over 6;, we find

2U2k kg o 00 1
—ﬂRe/ d¢/ d@/ daw, cos ¢/2— — (B15)
33 0 0 0 (iw, — e~ — G2)*
The remaining integrals are elementary, and give the result
kme2
sTI2k(Q,0) = ) B16
2 (0,0) Tomgd 19 (B16)
Now, for the second-order Maki-Thompson result. We can write out this contribution as
(SnikF(Q, 0) = 4U? ‘/k I(q, Qm)UZU]{+qu+Q/2Gk7Q/2Gk+q+Q/2Gk+q7Q/2
.4
2 . » 1 1
= —-4U H(q’ Qm)(vF sin 91) . A
k.q Wy — Ep4Q/2 1Wn — Ek—Q)2
1 1
B17)

X = =.
i(wp + 2m) + ekr0/2 — VPG — VikpO? i(w, + Q) + k-2 — VrG — Vrkp6?

We note here that, like in the case of the ¢ ~ 0 nonanalyticity, we can neglect the contribution of § to v¢,,. In addition, we can

take the direction of q to be exactly antiparallel to k, as including deviations from q = —k will also only contribute at higher
orders of |Q|. However, for g ~ 2k, ex4q = —&x + vrd + 2vpkp (1 + cos ), so neglecting contributions of order 4 and setting
0 = m means g, = —¢&. Then, v;f v;: g = —(vz )2. We rescale variables as before, and then integrate over &;. Then, converting

to polar coordinates, we find

U2k ¢ T 0 oo 00 1 )
MIm/ dgb/ dGI/ d@/ dwn/ drcos ¢/2 sin ) — _ . " .
27® 0 0 0 0 0 (iw, — e™® — 02)2 r2(iw, — e~ — §2)2 — cos” 6,

(B18)

Now, we can integrate over r and 6; as before, discarding the cutoff-dependent term, getting

2U kg |Q|m

m [e¢] - o0 1
— Re d do dw, cos¢/2 - —.
ke [ o [0 [ o cosor o

Comparing with Eq. (B15), this is precisely the same contri-
bution as the self-energy term with a minus sign. Therefore,
the nonanalyticity in the Maki-Thompson diagram from mo-
mentum transfers of 2k is

kaU2

ST (0,0) = —
» (2,0) Tl

Q. (B20)

With this result, we have confirmed there is no net nonanalyt-
icity between the self-energy and Maki-Thompson diagrams
for both g = 0 and g = 2kF.

APPENDIX C: SUM OF DIAGRAMS (C) AND (G)

In this Appendix, we consider the sum of diagrams (c)
and (g) at finite temperature and magnetic field. We show
that at order Q?, the two diagrams in fact cancel. At zero
magnetic field, diagram (c) and diagram (f) are equal, so
this calculation also confirms that when H = 0, the pair of
Aslamazov-Larking diagrams cancel.

We can write the sum of these two diagrams as

Me+ T, =20°T ) Y [ Lp(Q. 4, 2u)Uap(Q, 4, )
a#tf Q, U4

+Iﬂa(Q’ —-q, _Qm))s (C])

(B19)

(

where fq = [d’q/(27)* and I5(Q,q. Q) is a triad of
Green’s functions defined as

Lp(Q.q, 2) =) fk 0 G0nGi0nGliy (€D

Symmetrizing Eq. (C1) with respect to €2,,, and also noting
we can exchange « and § in the sum, we can rewrite the
expression as

Ut ZZ/(W(Q, 4. ) + 1pa(Q. —q, —2))*. (C3)

atpm=1"4

We have left out the €2,, = 0 term in this sum. One can
confirm that this term is zero by following the same steps that
we outline below to show all €2, # 0 terms are zero. Series
expanding Eq. (C3), we can see the term proportional to Q>
has the form

1 212
JU%0 T;;/q(laﬁm, @ D) + 5o (0, —q, —2))

X (Iyg(0, 4, ) + 15, (0, —q, —2y)), (C4

where I;’ﬁ(O, q, 2,) = limg_o ;’—szla,g(Q, q, 2,), and we
have dropped terms proportional to I, (0.4, €2,,) as these go
to zero. We claim that I,4(0, q, 2,,) + 134 (0, —q, —2,,) =0,
so that the entire Q? term vanishes. To show this, we sum over
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over fermionic Matsubara frequencies, and then take the limit as Q — 0. Doing so, we find

”z (nF (€£+q

v (ef)

I(xﬂ(oaqv Qm) + Iﬁa(ov —-q, _Qm) = / ( K
k\ (9

—n(e)

)

—(cc.,o < ,8)), (C5)

_ B o
8k+q + g

where the second term denotes the complex conjugate of the first term with o and 8 interchanged, and we have used the fact

that /g4 (0, —q, —2,,) = —1Ia (0, q,
Doing so and simplifying the expression, we %nd

gynr (e)

ey (6%)

—,,). One can derive this relation from Eq. (C2) by making the transformation k — —k.
To evaluate the terms proportional to ng (€ a(p >) we can make the transformation k — —k — q so that ng(e

a(B)

a(B) ).
k+q

) = nr(g,

3
m Jg

We can explicitly write out gy = gsinf,g, & — &g = —,

7 T
i — al‘irq + &f) i

L kg cos O, —

5 —(cc,a< B)]. (Co)
- 8k+q + Ell:

£ +2u3H, and k, = ksin(8,0 + Ok). The sign of

wpH determines whether « =4, 8 =] or « =, 8 =*. Then, integrating over Okq> we find

f dkk m sin 040 iénp(sg) 1
—_— 5 — — 1+
2 q (kz _ §2)3/ m

where we have written & = ’Q"—LT’“’H

kz’—g_sz)n;(g;:) PN ,3)), (C7)

— 4. Formally, the above expression also depends on the sign of the imaginary part of

&. However, since we initially symmetrized the function so that €2,, > 0, we can simply write the function as it is shown
above. Last, we can do integration by parts on the term proportional to n}(e;) to combine both above terms. Doing so, we

find

dkk1 1 i I 1
—/ . +k2——§2 np(ef) = - +

We can see this second term exactly cancels the term pro-
portional to ng(e;) in Eq. (C7), leaving only the term at the
bounds,

i& N
— ( \/_752> nr(ef_p). (C9)
However, we can simplify this term further yet. Recalling that

Q,, > 0, and noting the branch cut that occurs in the square
root, we can rewrite = —1 so that the entire expression

is zero. Therefore, we only need diagrams (a) and (f) when
calculating the Q? term of the current-current correlation func-
tion, even when both temperature and external magnetic field
are finite.

APPENDIX D: EVALUATION OF 6 x4ia (H)

The point of departure is Eq. (29) in the main text:

o 2/~ 2
e =u* Y [ (1. 20[201)’ (Gt
atp
o B y o
X Gy _03Crsgron t ”z”/erqGHQ/z

Gt

wra-opl}- (DD

x Gj_ Q/2Gk+q+Q/2

We re-express it as

mlan=v" Y [ [, 20)((11)' g
aFp

B B
X Gz—Q/sz+q+Q/2 (ZG%+Q/2 + Gk+q—Q/2)

i€ N iEnp(ey)
—k2_§2>np(sk)k=0 - / ank (C8)

{
Yoy e o B B
+ ”k V;Gi402Gi-0/2G144+02C114-0p2)]

Zy f M (g, 2)(G1 + Go),
oy

D2)

where we have used the fact that v, ;= ky+aqy)/m= v, +
vy for a parabolic dispersion. Since we are only interested in
the nonanalytic contribution to function when g = 0, we can
easily integrate over &; first. Therefore, unlike in the case of
H =0,T =0, we can series expand in Q before integrating
as long as the integral over ¢ is done before the integral over
frequency. We can therefore expand G; and G, to order Q?
in a manner that is similar calculation of the gradient term
of the spin and charge susceptibilities [43]. Expanding G, we
find a total of four terms, such that G; = G¢ + G4 + GS + GY,
where

a 1 2 4 3 3
Gy = m z(vk) k-Q (G «Grrgp 26k aGirgp

+ 3Gk,aGlz+q,/3 + 4G2,aGk+%ﬂ)’ (D3)

Gy

Q* 2

7 00) (GraGlagp +2GiaGirgp +3GLaCrrqp):
(D4)

e 1

Gy = ) — (v ) (k-Q)q- Q)(GkaGk+qﬁ +2Gi,aG13c+q,ﬂ

+ Gl oGriyp)- (D5)

s 1,
d ) 22 b 33
Gi = ﬁ(v;) (q-Q) (Gk,aGk+q,ﬂ + 2Gk,aGk+q,/3)- (D6)
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We assume that ¢ < kr so that & = vp(k — kr), €49 = &1 +
Vr - q, and v} = vy.. Doing so, we can immediately see that
both G¢ and G vanish after integration over . In addition,
one can show that Gf is odd over £2,,, so it too will vanish.
This leaves only G¢. Now, evaluating G, in a similar way, we
get

» 1
G = 5 0vy(k - Q*(Gi oGirgp + GruGirgp)-

D7
» (D7)
w_ Ly V)(GloGitgp + GioGirgp) (D)
2—2m k q k.o~ k+q,B ka=ktq.p)>
. 1
GS = m—ka Yk - Q)(q - Q)G; G} k+q.8° (D9)
- 1
Gy = V(g Q)G aGk+qﬁ (D10)

2m

As before, Gg vanishes after integration over &;. In addition,
both G4 and G¢ are odd Q,, so they too will not contribute.
This leaves solely G5. The total contribution will then come
from only G§ and GS. After some simplification by doing
integration by parts on the integral over g, we find

s =224 3 / M (g, 2@ Qv}((q - Q]
a#p

—(k-Qn’ )(G“) Gk+q (D11)

Noting that, to leading order, the factor of k is simply kzk,
then integrating over &, and last over w, and both angles, we
obtain Eq. (30) in the main text.

Verification of the result for 8 x4, (H)

Here we verify Eq. (30) by computing 8 xgi,(H) nu-
merically, not restricting to small g. The process involves
evaluating the first several integrals and/or sums analytically
until we are just left with g and €2,,. We then evaluate these
terms numerically, and compare the result with Eq. (30).
The numerical evaluations were done in Mathematica using
the PrincipalValue option to avoid complications from points
where 2 — 0 and ¢ — 2kp, where the integral is singular but
convergent in the principal value sense.

We remind that the transverse current-current correlator
can be written as

N N2 [ 2
My (H)=U") f [ (g, 2)(2(%}) " (GF10)2)
aFp
X G%—Q/ZGf-rq-q—Q/z +v; ”i+qGZ+Q/2G2l—Q/2

x G? G’ (D12)

k+q+0/2 k+q—Q/2)]'

We first integrate over w,, then series expand to order 0%, and
then integrate over angles and over k. Doing this, we obtain

1—-B2+H)

8 xaia(H) = UPNZX0, f ax, / I—a—H -
8 <3H2—2H(q +3aq~|—3)+a ¢ +2¢* +6aqg+3
(1 —a2—H)>5?

_ 3H+2H(¢* +3Bq+3) + B°4* +24° + 6Bq +3

(1= p2+ )"

where H = ugH/Ep, o = ’QTHI {,andp = — QutH _ 1.

We then subtract off the H =0 term to obtain & yg;. (H) and
integrate numerically over ¢ and €2,, for upH ranging from

J

) +(H - —H), (D13)

(

—0.02EFr to 0.02EF. In this calculation we do not restrict to
small g. The result is shown in Fig. 6 of the main text. It
perfectly matches Eq. (30).

APPENDIX E: EVALUATION OF §x4ia(T)

Here we show the procedure for evaluating the nonanalytic term in the diamagnetic susceptibility at a finite 7 and H = 0.
We first do summation over internal fermionic frequencies and then expand out to order Q?, as in the case of 7 = 0. Once the
series expansion is done, the remaining integrals over angles are elementary. The resulting expression takes an unwieldy form,
consisting of the sum of terms proportional to the Fermi distribution function and its derivatives. However, it can be simplified
to something more manageable by doing the subsequent integration over fermionic momenta by parts. Reducing the dependence
of the fermionic distribution to Fermi functions, we obtain

3
O xaia(T) = SUPNE XgiamT Z / dqly(@)(9), (E1)
where
*© nF(Ep) nF(gp)
I, = dpp , E2

I =

o 2(4Kk% + 3 k(K +2 6agk® + 4
/ dkk(ﬂp(sk)(a( +34¢%) + K2 (k* + 2°) + 6agk> + 4o q) C) (E3)
0

o — k2)12
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and o = 4

- %. To proceed, we examine separately the contributions from small bosonic ¢ and from |g| & 2kp. For the
q = 0 contribution we show that the nonanalytic O(T") term comes from the difference between summation and integration over
bosonic Matsubara frequencies, while fermionic distribution functions can be approximated by step functions. For the g = 2kp
contribution, the behavior of the Fermi functions near the Fermi surface become important, and we do no approximate it as a

step function.

1. Contribution from small q

We assume and then verify that a nonanalytic contribution to Xdla comes from vpqg ~ 2, ~ T, i.e., from ,/q = O(1).

integrals over k and p. Using this, we approximate o> — p? by —~—5= Q — p? + imS, in the integral over p and do the same in the
integral over k. The integral over p can be written as
ke 1 1
I, = / dpp | — - . (E4)
0

m22 . m?Q2 .
\/—T"—pz—lan \/—q—z“—pz—f-lan

Expanding to leading order in £2,,, we find

o m|$2|
0 2 m)
(p T )
Integrating over p, we find
, 1|
h=q| -1+ ——|. (E6)

VUre + 2

We next do similar analysis of the integral over k. Keeping terms of order one and of order €2, in the numerator, we obtain

kr k4 2i anZ _ 4k2 23‘22 2 _ 4i 393 2
I :/ I m, g —4im <,/ L (E7)
0

772
e (—% —k? - ian)

Expanding further the denominator to leading order in €2,,, we find after simple algebra

ke m|Q,| (24k*°m* Q2 /q* — 3k* — 8m*Qt /¢*
= / Ll 2/ - /1) (ES)
: 7+ 1)
k
7
Integrating over k, we find
Q|vig? (vig? — 4Q2
I = (S0 [vig ( Fq 77 ") (E9)
m? (viq? + Q2)
Now, combining this with the results from the p integral, we have
Quvpq* (vig® — 4Q2 Q
= 2nlvEe Wi —42) [ 12l ) EL0)

772
m?(viq? + 27) Juia? + Q2

The term with —1 in the last bracket vanishes after integration over ¢, as one can easily verify. Dropping this term and substituting
Ii1, into Eq. (E3), we obtain

302 2 2
v Q v —4Q
X (T) = —lﬂ NE XgaT Z / U i) (E11)

o (v2¢* +22)°*

Re-expressing this result in terms of the current-current correlator Iyy, we obtain the result that we presented in Eq. (32) in the
main text.

In the main text, we evaluated the frequency sum over n and the integral over g by summing over 2, first, subtracting off the
T = 0 contribution, and then integrating over g. For completeness, here we demonstrate that one can also obtain the same result
by integrating over ¢ first and then summing over Matsubara frequencies. Since this integral is formally divergent, we must
institute an upper cutoff A on the integral over ¢. In addition, there is ambiguity for the n» = 0 term in the Matsubara sum. For
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any finite g, it is easy to see that the n = 0 term is zero because of Q2 in the numerator of Eq. (E11). That said, if we integrate
over ¢ first, we can see that the th cancels out because the g-integration yields 1/ th This last term comes from the lower bound
of ¢ integration, i.e., from ¢ = 0+. This ambiguity can be resolved by formally instituting a lower cutoff to this term. This lower
cutoff will not affect any terms with n # 0, but will eliminate the n = 0O contribution. A more physically sound method is to
evaluate this integral for a finite system, eliminate the n = 0 term, and then extend the system size to infinity [10]. Once this is
done, we have

302 2 2

vZg Q qu —4Q )
=0(T) = 3U>N2 x0T / F (E12)

d a dia Z v 6] 4 92)
AY( A2 + 692)
= —U’N; . El3
F d1a4E ; (QZ+A2 ( )
The sum over Matsubara frequencies can be evaluated analytically, and gives

2 AYA?4+6Q2) —64T3 +36AT? coth (4) — 5A sinh (£)csch®(£) + 18A%Tesch? () E14)

(2 + A2) 12873

n=1

In the limit of 7 — 0, the above expression is 5= 32T Subtracting this term off, and then taking A — o0, we find for the diamagnetic
susceptibility,

T
d1a (T) ZNI% glaSE (EIS)

This is the same expression as Eq. (33) in the main text.

2. Contribution from g ~ 2kp

To calculate the 2kr term, we take the above expression for I, Eq. (E3), and twice integrate it by parts. We obtain

%0 8t + 3k + 4adq — 6akq — 22 + a2 (g? — 12K
Ikz—/ dkkn;(ek)( o 3K F4a7g — bakTq = 2k'q” +a’(q )+c.c.>.

3q3m2(a2 _ k2)3/2 (E16)

Now, we can define variables x = k* — k7, y = p> — k7, and z = ¢*/4 — k. Last, we rescale x, y, and z by mT, and expand in
powers of T. Then, the total expression is

” 1
j{;F (T) = —U XdlaT Z / dxdydznp(yT/Z)nF(xT/2)<ﬂ + C.C.)

32 =
T mT? ;
x | — —75 + +O(T’)+cc.|. (E17)
2(z —x = 2min)Y/ k2\/z —x —2min
We note that n}. is of order T2, 50 to obtain the linear in T team, we must take the second term. Examining this term, we find

2kp | 2 1 1
Xid (T) = U N2 xS d'aE Z dxdydznp(yT/Z)n T /2)T* —— +cc. | —— +cc. ).

—— VZ—y—2min V7 —x—=2min

(E18)

We can then define shift a = z — x and b = z — y to eliminate the z dependence in the square-root terms. Then, integrating over
z in the two Fermi functions, we find

1
2% 2772 L0
(T ——UN dadb g(a — b +cc. || —— +c.c. |,
O (1) £ de Z/ 8 )(«/b 2win )(«/a—Zm'n )

n=—00

—esch (V1= 2coth™
g(x) = csch (4)(1 4coth4). (E19)

We can then shift a to a + b, and integrate over b. The integral over b is formally divergent, so we institute a cutoff A/7T at the
upper and lower bounds. Simultaneously, one has to restrict the summation over 7 to |n| < fyax, where np, = A/Q2rT) — 1/2
(Ref. [44]). Then, we have

where we have defined

Nmax

T
X (T)——U2N§ Koz D SO, (E20)

N=—Nmax
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where
oo 2
S(n) = / dxg(x)[z log A/T — log <n2n2 + )lc—éﬂ (E21)
—00
We evaluate the n = 0 and the n # 0 terms separately. For the n = 0 term, we have
00 x2
S0) = / dxg(x) |:2 log A/T —log ( >:| (E22)
o 16
oo
= [—810g AT — 4/ dxg(x)log(x/4)]. (E23)
0

For the contribution from finite n we have

Nmax

2
Ysm=2)" / dxg(x)[2log AJT —log <7t2n2 n )1‘—6)] (E24)

n#0 n=1
Niax 2
= 22/ dxg(x)[ZlogA/(nT)—210gn—10g< m)} (E25)
Using ffooo dxg(x) = —4 we rewrite Eq. (E25) as
Mimax o0 X2
ZS(n) =-2 Z |:8 log A/(xT)—8logn +/ dxg(x)log <1 + ﬁ)} (E26)
n#0 n=1 —%© 167°n
Using
Fmax l
Y logn = (tmay + 1/2)l0g (s +1/2)/€) + 7 log 21, (E27)
1
we find

2A Nimax 2
ZS(n)_Slog( ) Z/ dxg(x)log <1+ o n)2> (E28)

n#0
Adding together the n = 0 and n # 0 terms, we find

1 T Nmax x2
5 2k 2772
Xao (T) = =g UN; X““‘E [ / g(x)log(x/2) + Z / dxg(x)log( (4]”1)2)}. (E29)
The summation over n can be now safely extended to infinity. Next,
s x o S Cm)lx/ (@) P (1! sinh(x/4)
1 1+ = =1 , E30
2 loe < (4nn>2) 2 m °8 ) (B30

where ¢(2m) is the Riemann ¢ function of an even integer argument. The last line in Eq. (E30) can be verified by expanding
log S“;h%“) in powers of x*> and comparing terms order by order.
Substituting Eq. (E30) into Eq. (E29), we obtain

5Xd"'(T)_—éU2N§XdIaE / g(x)log (2 sinh(x/4)). (E31)

The product g(x)log (2sinh(x/4)) can be re-expressed as a total derivative, hence the integral can be evaluated exactly. The
resultis [ g(x)log (2 sinh(x/4)) = —1. The final result is then

T
(fl];F (T) - 2IVF Xdia 7 E (E32)

Comparing with Eq. (E15), we see that the ¢ = 2kr contribution to the linear in 7 term in ygi, is equal to the contribution from
small g.
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