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We investigate the onset of superconductivity in a magnetic field for a clean two-dimensional multiple-band
superconductor in the vicinity of the Lifshitz transition when one of the bands is very shallow. Due to the small
number of carriers in this band, the quasiclassical Werthamer-Helfand approximation breaks down and Landau
quantization has to be taken into account. We found that the transition temperature 7¢,(H ) has giant oscillations
and is resonantly enhanced at the magnetic fields corresponding to the matching of the chemical potential with
the Landau levels in the shallow band. This enhancement is especially pronounced for the lowest Landau level.
As a consequence, the reentrant superconducting regions in the temperature-field phase diagram emerge at low
temperatures near the magnetic fields at which the shallow-band Landau levels cross the chemical potential. The
specific behavior depends on the relative strength of the intraband and interband pairing interactions and the
reentrance is most pronounced in the purely interband coupling scenario. The reentrant behavior is suppressed by
the Zeeman spin splitting in the shallow band; the separated regions disappear already for very small spin-splitting
factors. On the other hand, the reentrance is restored in the resonance cases when the spin-splitting energy exactly
matches the separation between the Landau levels. The predicted behavior may be realized in the gate-tuned

FeSe monolayer.
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I. INTRODUCTION

The rich field of multiple-band superconductors has been
reincarnated by the unexpected discovery of superconductivity
in the magnesium diboride at 40 K [1] and received a further
powerful boost from the discovery of several families of
iron-based superconductors (FeSCs); see, e.g., reviews [2].
The Fermi surfaces of these materials are composed of several
disconnected nonequivalents parts. These parts not only have
different electronic properties but, also, in the superconducting
state they may have different gaps causing many peculiar
properties of these materials.

In contrast to the magnesium diboride, FeSCs are semimet-
als: their band sizes are rather small with the typical Fermi
energies €z < 50 meV and Fermi velocities vy < 107 cm/s.
In addition, the band Fermi energies can be shifted by doping
or pressure. As a result, several FeSC compounds can be
driven through Lifshitz transitions in which the top or bottom
of one band crosses the Fermi level and the corresponding
Fermi pocket vanishes. Examples include Ba,_, K, Fe; As; near
x ~ 0.8 [3] and LiFe;_,Co,As for x < 0.1 [4]. In the first case
the electron band at the M point is shifted above the Fermi
level and in the second case one of three hole bands at the I"
point sinks below the Fermi level.

A special case is realized in the simplest compound FeSe.
Discovery of superconductivity in the FeSe single layer grown
on SrTiOj substrate with a record high transition temperature
for FeSCs, T¢ 2 55 K, has been a major breakthrough in
the field [5-7]. The bulk material has the tetragonal-to-
orthorhombic transition at 87 K which is followed by the
superconducting transition at 9 K. Its Fermi surface is com-
posed of one hole pocket and two electron pockets which have
very small sizes with €z ~ 10-20 meV [8]. The electronic and
superconducting properties of the tetragonal FeSe monolayer
on SrTiO; are very different from those of the bulk material.
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The optimally doped state has only electron bands and the hole
band is sunk ~80 meV below the Fermi level [6] meaning
that the single layer is strongly electron-doped with respect to
the bulk crystal. This doping is probably caused by oxygen-
vacancy diffusion in SrTiO3; during annealing. Such difference
implies that at the intermediate electron doping level FeSe goes
through the Lifshitz transition at which the hole band at the
I point is depleted. This transition has been indeed observed
in K-dosed FeSe thin films [9]. Such electronic structure is
alsorealized in the intercalated compound (LiFe)OHFeSe with
Tc = 40 K [10]. Transport measurements have been done on
the monolayer protected by the FeTe capping layers [11-13],
which reduces the transition temperature down to ~ 23-25 K.
The upper critical field of such a system has been found to be
around 50 T. In a controlled way, the FeSe monolayer can be
doped using K coating [14]. It was shown that such coating
causes the second Lifshitz transition at which the electron band
emerges at the I point which promotes strong enhancement
of T¢. Also, it was found that the gating of small-size FeSe
crystals induces the surface superconductivity with 7o = 48 K
[15]. It is likely that in this case the surface region acquires a
band structure similar to that of the FeSe monolayer.

The ubiquity of shallow bands and Lifshitz transitions in
FeSCs motivated several recent theoretical studies devoted
to the influence of such bands on superconducting pairing
[16-18]; see also the related general considerations [19,20].
One can distinguish two basic scenarios [17]: (i) The shallow
band is essential for superconductivity. In this case the
superconducting state vanishes when this band is depleted.
(i) The Cooper pairing is dominated by deep bands and a
superconducting gap is induced into the shallow band via
pair-hopping interactions. In this case the superconducting
temperature changes only weakly at the Lifshitz transition. It
was also demonstrated in Ref. [21] that in the case of the second
scenario the superconductivity actually smears the Lifshitz
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transition in the thermodynamics sense but, nevertheless, the
density of states changes qualitatively when the shallow band
is depleted.

In this paper we investigate the influence of shallow bands
on the onset of superconductivity in the magnetic field. The
upper critical field, Hc,, is one of the key characteristics of
type-1I superconductors. In most materials superconductivity
is destroyed by the orbital effect of the magnetic field.
In the case of weak impurity scattering the orbital upper
critical field, Hcp = H&, scales inversely proportional to
Fermi velocity squared, ng x v;z [22,23], meaning that
the orbital effect diminishes with decreasing band size. The
temperature dependences of H¢, and its anisotropy may be
strongly influenced by multiple-band structure [23,24].

The superconductivity is also destroyed by the Zeeman spin
splitting induced by the magnetic field. Without the orbital
effect in a single-band material the superconducting state is
destroyed when the spin-split energy u.H exceeds A /+/2,
where . is the magnetic moment and A is the energy gap.
This gives the paramagnetic limit, Hp = A /+/2u,. In most
materials the spin-splitting effects are weak in comparison
with the orbital ones, ng <« Hp.Inthe case when both orbital
and spin effects are present, the relative contribution of the
spin splitting is usually characterized by the Maki parameter
oAy = ﬁng /Hp, which in clean single-band materials can
be evaluated as oy = 7w2A /4€p, where €p is the Fermi
energy. This means that the role of spin effects is enhanced
in small Fermi surfaces. The spin splitting also dominates
in two-dimensional and layered materials when the magnetic
field is applied along conducting planes.

The standard theory of H¢, is based on the quasiclassi-
cal approximation which neglects the Landau quantization
[22,23]. This theory works with very high accuracy for
the overwhelming majority of superconductors because at
H ~ H¢, the cyclotron frequency w. is typically much smaller
than ep. Nevertheless, the effects of Landau quantization on
the behavior of H¢, and related superconducting properties
in single-band materials were first studied in the seminal
papers [25,26] and later were worked out in great detail
[27-34]; see also reviews [35,36]. It was predicted that in
clean materials the quantization may dramatically influence
the low-temperature behavior of the upper critical field. The
density of states is sharply enhanced when the chemical
potential crosses the Landau levels, u = w.(£ 4+ 1/2), at the
magnetic fields H = H,. This enhancement is beneficial for
superconductivity. It was actually demonstrated that in an
ideally clean single-band superconductor without Zeeman spin
splitting the transition temperature is always finite at H = H,
[26]. Such resonant enhancements of the transition temper-
ature are especially pronounced in the two-dimensional case
[29-31]. This would mean that in conventional clean materials
superconductivity should persist up to fields much higher then
the quasiclassical orbital upper critical field. Moreover, in
the extreme quantum limit the local maximums of transition
temperature were predicted to increase with the magnetic field
[26-28]. In most superconducting materials, however, this
limit requires magnetic fields above 100 T, which is beyond
practical accessibility. In addition, this ultrahigh-field reentrant
superconductivity is easily destroyed by impurity scattering
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and Zeeman spin splitting [26,28], unless the spin-splitting
energy exactly matches the Landau-level spacing [29,31,36].
On the other hand, near the accessible quasiclassical H¢, the
Landau-level indices are large and quantization effects are
weak. As a consequence, in superconductors with large Fermi
surfaces one can expect only very weak quantum oscillations
of the temperature or angle dependence of H¢, noticeable in
extremely clean materials at very low temperatures.

A direct consequence of small electronic bands in FeSCs
is very high upper critical fields in these materials, ranging
from 15 to 100 T for different compounds and dopings [37].
For compounds near the Lifshitz transition, the orbital effect
is the weakest for the shallow band. Therefore one can expect
that this band strongly influences the upper critical field. In
contrast to single-band materials, the cyclotron frequency
may be comparable with the Fermi energy of a shallow
band at the upper critical field meaning that only a few
Landau levels may be occupied. In this case the quasiclassical
approximation breaks down and the Landau quantization is
essential. Furthermore, the spin-splitting effects are more
pronounced in the shallow band and typically cannot be
neglected. The role of spin-splitting effects in multiple-band
superconductors within the quasiclassical approximation has
been recently investigated in Ref. [38].

In this paper we investigate the upper critical field in
a clean two-dimensional two-band superconductor in the
vicinity of the Lifshitz transition when one of the bands is very
shallow [39]. For this band we take into account the Landau
quantization precisely, while for the deep band we use the
standard quasiclassical approximation. We will demonstrate
that in such system the transition temperature T¢(H) has
giant oscillations and is resonantly enhanced at the magnetic
fields H, corresponding to the crossing of the £’s shallow-band
Landau level and the chemical potential. This enhancement
is most pronounced for the lowest Landau level, £ = 0, and
rapidly decreases with the increasing Landau-level index. We
mostly focus on the case when the highest field Hj is close to
the quasiclassical upper critical filed chz- In the case Hy >
HY,, the temperature-field phase diagram may acquire the
reentrant superconducting region located at low temperatures
around H ~ Hj, which is disconnected from the main low-
field superconducting region. This reentrant piece merges with
the main part when the pocket size diminishes. The specific
behavior depends on the relative strength of the intraband
and interband coupling constants and it is most pronounced
when the interband coupling dominates. The Zeeman spin
splitting strongly suppresses the reentrant regions. However,
the reentrant superconductivity reappears in resonance condi-
tions, when the spin splitting energy 2u, H exactly matches
the separation between the Landau levels [29,31].

The paper is organized as follows. In Secs. II and III,
we describe the model two-band Hamiltonian and the cor-
responding Gor’kov equations. In Sec. IV, we discuss the
transition temperature in zero magnetic field in the presence
of a shallow band. In Sec. V we derive equations which
determine the superconducting instability in the magnetic
field. This instability is mostly determined by the field and
temperature dependences of the pairing kernels. The behavior
of the shallow-band kernel, strongly influenced by the Landau
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FIG. 1. The schematic electron structure of the two-band model
used in the paper. The system behavior depends on the location of
the chemical potential w. If the chemical potential is located far
away from the band edges, the superconducting properties of the
system can be described within the quasiclassical approximation.
Near the Lifshitz transition point, when the chemical potential w
approaches the band edge, the band curvature effects can no longer
be ignored, the quasiclassical approximation breaks down, and the
Landau-quantization effects become important.

quantization, is discussed in Sec. VC. In Sec. VD, we
investigate the influence of the Zeeman spin splitting on this
kernel. The numerically computed temperature—magnetic field
phase diagrams are presented in Sec. VI. We also discuss
in this section the dependence of the high-field transition
temperatures on the strength of interband coupling. We
conclude the paper in Sec. VIL

II. TWO-BAND MODEL

To investigate the shallow-band effects in superconductors,
we consider the simplest two-band model

H = Z f dzr C:;,s(r)gzca,s(r) - /LZHO'SZ'S;CZ("Y(r)ca’s/(r)
a,s

-3 e P e ) |, )
of

where s = 1, = +,— is the spin index and o =e (h)
represents the e band (h band) with the energy dispersion
Eirg = % (e} = —% + &9) with m, and m; being the
band masses. In the e-band dispersion the momentum is
measured from the nesting wave vector Q. In the real-space
operator & the wave vector k has to be replaced by the
gauge-invariant gradient operator k — —iV, — £A [40]. The
second term in the first line describes the Zeeman spin splitting,
o* = diag[1,—1] in the spin space, and, for simplicity, we have
set the magnetic moments for both e- and /-band electrons to
be ;.

In the normal state this model has two Lifshitz transition
points at the chemical potential © = 0 and i = & (see Fig. 1).
For definiteness, we consider the system in the vicinity of the
L = & transition; i.e., we assume that the hole band is shallow
and the electron band is deep. An equivalent model can also be
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used for description of the system with several identical deep
bands.

III. THE GOR’KOV EQUATIONS

To tackle the many-body Hamiltonian in Eq. (1), we use the
mean-field method to approximate the many-body quantum
states as the Hartree-Fock states. In this approximation, the
Hamiltonian becomes a one-body operator

H ~ Hyp = /dzr Z Yir[eg et —p  H—2r) [¥a(r)

=Y AU, AP ¢ @)
op
where we introduced the Nambu vector 1//5 (r)y=

[ca,i(r),c;T(r)], £¢ = diag[1,—1], k > —iV, — fAZA in the
operator &7,

3

f:ot(r) — |: 0 AOl(r):|

A%(r)y 0

with the gap parameters A%*(r) = Z,s Uaplcp, (r)cg 1 (r)),
and A%(r) is its complex conjugate. The 2 x 2 imaginary-time
(t) Green’s function is defined as

G (r,r's 1) = —(Te[Wu(r, )Y, (r,00]), “

where Vo (r,7) = e ety (p)etHir—1N)  with  the
chemical potential p and the total-number operator N =
Z[m [ dzrclﬁ(r)ca,a(r). The Green’s function satisfies the
matrix Gor’kov equation in the frequency representation,

[iwn + 575 — . H — 2°(n)]G2 (r.r) = % — 1), (5)

where w, = (2n 4+ 1)7 T is the Matsubara frequency, £° is the
2 x 2 identity matrix, and §,f‘ = &/ — u. The gap parameter
is expressed in terms of the anomalous Green’s function
Fg (r,r') =[G (r.r)]iz as

A ry==T Y > UyFlr) (6)

wy=—00 f

where F a{‘ (r=F f: (r,r). To analyze the behavior of the
superconducting gap, one has to solve Eqs. (5) and (6)
self-consistently.

In this paper, we are only interested in the region near the
upper critical field (H¢;), where A%(r) — 0 and it is sufficient
to keep only the anomalous Green’s function F,, (r,r’) linear
in A%(r). Iteration of Eq. (5) gives

F2(r) ~ / dr' Ko (r,r'; 0,) A(r) @

with the kernel

Ko(r.r'o,) = —=Gg,, (r.,r)Gy_, (r.r), (8)
where the normal-state Green’s function G, (r,r’) satisfies
(Gon F uH +EHGE,, L) =80 —1).
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In the following sections, we will utilize Egs. (6)—(8) to
derive the conditions for superconducting instabilities in zero
and finite magnetic fields.

IV. TRANSITION TEMPERATURE AT ZERO
MAGNETIC FIELD

The influence of shallow bands on the transition tempera-
ture T¢ has been discussed in several recent papers [16-20].
In this section, for completeness, we present the derivation of
the transition temperature for our model. In the absence of
the magnetic field, the band gap functions are homogeneous,
A%(r) = Ag. Substitution of these constant gaps into Eq. (7)
gives the equation which determines the transition temperature
of the system with [ dr'Ky(r,r';w,) =Y, [w? + (5,‘3)2]71.
The integration over the momentums in the e (k) band can
be performed using the standard relations ), ~ N, szQ d&¢
(=N, ["'4, d€") where > T is the high-energy cutoff and
Ny, = mg/(2m) is the 2D density of states. The only difference
from the standard BCS scheme is that for the shallow band the
energy integration is limited by the band edge rather than by
Q. The resulting gap equation can be presented as [41]

86 Lo 2n T [ [5 + men] A
A Lg ~ D ©n A O

w, >0

with the dimensionless coupling matrix Ang = UugNg, and
ny(w,) = %tan’1 % The sign of the off-diagonal coupling
constants A., and Ay, determines relative sign of the order
parameters in two bands. The case A, Ay, < 0 corresponds
to the sy superconducting state. In absence of interband
scattering, this sign has no influence on the behavior of the
upper critical field.
Introducing the notations

Q
27T, 2e7EQ
A=Y T

10
(OF) 7TTC ( a)
w, >0
Al = L2 (10b)
= —1n ,
0.k 2 JTTC ¢

where

0 tan~! ( wun/Tc )

TC — Z 27TTC ?'}h(wn) _ E Z T(2n+1)

— wy, T i 2n+1

k]

and yg &~ 0.5772 is the Euler-Mascheroni constant, we can
write the gap equation in a compact form as

h
[A~' = Ag"] [Ao] =0, (1)

Af
with f\o = diag[Ag , Ao.]- Inthelimit u;, > T¢ the function
Y¢ has the asymptotics T¢ = % In[2eE wy /(w Te)]. In this
limit both Ay, ,'1 and Ay, L have the same form In(7y/ T¢) but with

different cutoff energies Ty. Defining the matrix W = A~! —
Ay !, we can present the equation for T¢ as the condition of
degeneracy of this matrix,

det(W) = Wy Way — Wi Wa; = 0. (12)
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This is the instability condition for superconducting ground
state. It leads to the explicit result for the effective coupling
constant A ., which directly determines 7¢ by Eq. (10a), see
Appendix A,

Aee_M 2 Aep A
~|—8A\/<—2—TC> +2 ;’;2’“ (13)

A

with 85 = —sgn[(1 — YcApp)Dal and Dp = ApeApp —
AenApe. The detailed investigation of the dependences of T¢
on u; for different pairing models has been performed in
Ref. [17]. As our main goal is the investigation of the upper
critical field, we only need Egs. (11) and (13) as the zero-field
references.

V. SUPERCONDUCTING TRANSITIONS IN FINITE
MAGNETIC FIELD

In the presence of the magnetic field the problem becomes
nontrivial, since the superconducting states are not uniform.
The upper critical field is mostly determined by the eigenvalues
of the pairing kernels K, (r,r’; w,), (15). In this section, we
describe evaluation of these kernels in a magnetic field for the
deep and shallow bands.

In the uniform magnetic field the Green’s function can be
written as

G((x),w,,,i(”"'/) — eZid)A(r,r/)gg’i('r _ r/|’wn) (14)

with ¢4 (r,r'") = EA(%”) - (r — r’). In the symmetric gauge
A(r)=4H x r = Z(—y,x,0), the phase factor in the ex-
ponent becomes ¢4(r,r') = —[r x r'],/(2[*), where [ =
J/c/eH is the magnetic length. This allows us to present the
kernel in Eq. (8) as

Ko (r.r'swy)
Ar xr'l;\ o o
= —exp| — ll—2 g(),+(p,wn)go,_(,0, — wy) (15)

withp =r" —r.

In the isotropic case and for not too strong Zeeman spin
splitting [42], the shape of the gap function at the upper critical
field is given by the ground-state eigenfunction of the particle
with the charge 2e in the uniform magnetic field [22,23,25,26];
i.e., A%(r) satisfies the equation —%IZ(Vr - i%A)ZA“(r) =
A%(r). In the symmetric gauge, the shape of A%(r) is [43]

P2
A%(r) = A§ —— . 16
(r) = A exp( 212) (16)
For isotropic bands this A%(r) is an eigenfunction of the kernel

K. (r,r'; w,), Eq. (15), for arbitrary function gi(p,w,) [26].
Indeed, substituting this ansatz into Eq. (7), we obtain

p2
Fy (r)= —A"(r)/<I>r(p),ocipg,'(‘i’,+(p,wn)g(‘i_(p,—wn)e_272

with @,(p) = fozn de exp{—l%(i[r x pl, +r-p)}, where 6
is the angle between the vectors p and r. Noting that
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ilr x pl, +r-p=irpsind 4+ rpcosf, we calculate the 6

integral as
2 ro .
D,.(p) = f do exp [_1_2619i| =27.
0

This result can be easily obtained by expanding the exponential
into the power series and noting that only the zeroth-order
term survives after the 6 integration. Therefore, presenting the
anomalous Green’s function as

F(r) = — N2 A%(r), (17)

where N, = m,/2m is the density of states for the o band,
we obtain the following general result for the dimensionless
kernel eigenvalue:

©2pd
pap —w)e T (18)

o

Wy 0 N

Therefore, the problem of the upper critical field is mostly
reduced to evaluation of these eigenvalues which in turn
depend on approximations made for the normal-state Green’s
functions gg ().

In general, depending on external conditions, the chemical
potential may vary with the magnetic field; see, e.g., discussion
in Refs. [29,44]. In the situation we consider here this variation
can be neglected, because the deep band acts as a charge
reservoir and fixes the chemical potential.

For the deep e pocket the quasiclassical approximation
can be employed on the Green’s function. In contrast, for
the small-size h pocket the effects of Landau-level (LL)
quantizations have to taken into account precisely. We will
consider first the case of negligible spin splitting (©, — 0)
when the quantization effects are most pronounced. After that,
we will investigate in detail the role of spin-splitting effects.

A. Kernel eigenvalues without spin splitting
1. The deep e band: Quasiclassical approximation

The equation for the upper critical field in the quasiclassical
approximation was derived a long time ago [22]; see also recent
review [23]. Nevertheless, we include a minimum discussion
of this well-known result in order to make a direct comparison
with the latter calculation for the shallow / band.

The essence of the quasiclassical approximation is to
exploit the fact that the relevant length scale in the kernel
p is of the order of the coherence length &, which is much
larger that the inverse Fermi wave vector k;l. Also, typically
the cyclotron frequency w, is much smaller than the Fermi
energy. This allows us to neglect the Landau quantization and
use the zero-field Green’s function gg(po,w,),

dk exp(ikp)
Q) i, + &
As we neglect spin-splitting effects, we dropped the spin index

in this function.
For the product of Green’s functions in Eq. (18), we obtain

go(p,w,) =

85(}0560;1)88(07—60;1)
dk dK' expli(k — k")p]
Q)2 2m)? (iw, — &) (i, + )
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We introduce the variables k = k + ¢/2,k' =k — q/2 and
expand & ~ §7 + v.q/2,&;, ~ § — v.q/2. In the quasiclas-
sical regime k ~ kr > q ~ 1/&. This allows us to approxi-
mately perform the integration over k by using the standard

transformation [ 4 O )2 A f T L [ d&° and neglecting k
dependence of v, which leads to the result

exp(igp)
go(,O wn)go(p’ wp) = 7N, /(2]‘[)2<|wn|+lveq/2>

where N, = m,/2m is the e-band density of states and (... ),
means averaging over the electron Fermi surface, (...), =

f dkg
*t 42y, N,

Substituting this presentation into Eq. (18), we obtain

2
d o0 exp (igp — &5
AL =4m 1 / pdp —p(qp - ) .19
" @2m)* Jo 2|wn| +iveq
We can further transform this result using the transformation
A7l = [ dse™*, which leads to

o o
AS =4n/ ds/ pdp
" 0 0
d 2
x/$<exp [—s(2|wn|+iveq)+iqp—2121|>
2

_471/ ds/ pdp 5(p— sve)<exp|: 25w, |— 22]>

This gives the well-known result

[ee) 25l U2S2
Al =2 dse =51®n —-¢ . 20
z /o e <e"p< 2P )> 20

We remark that, for the sake of simplicity, we consider here
the case of an isotropic band meaning that the averaging (. . .),
can be omitted. In the case of a single band, generalization
to elliptic anisotropy is straightforward. However, there is no
accurate analytical description of multiple bands with different
anisotropies. Without elaborated numerical calculations, this
case can only be treated approximately [23].

2. The shallow h band: Landau-level quantization

In the shallow hole band the typical length scale of the
kernel may be comparable with k;l and, in magnetic field,
the cyclotron frequency may be comparable with the Fermi
energy. This means that the quasiclassical approximation is
not applicable and we have to use the exact normal-state
Green’s functions gg(|r — r'|,w,) in the kernel K, (r.r’; w,),
Eqg. (15). In this case the shape of the kernel is influenced by
the Landau quantization. For single-band materials, such exact
presentation of the kernel was derived in several theoretical
works [26,32-34,45,46]. The normal-state Green’s function
for the hole band is determined by the equation

[iw, — D} /Qmy) — ui|Ge, (r — 1)) = 8(r — 1)
with Dy =V, —i$A(r). The solution is given by Eq. (14)
with

1 & Le(&)exp(—2)
h Jwy) = 2[> , 21
8t (0.@n) zngm— o+ )+ 1o 1)

174503-5



KOK WEE SONG AND ALEXEI E. KOSHELEV

where p = |r — 1’|, w. = eH/(cmy;,), and L(x) are the La-
guerre polynomials.

There are several routes to transform and simplify the kernel
eigenvalue )Lf)n in Eq. (18). Using the integral representa-

tion {w, £ i[wc(€ +3) — wal} ™" = ¢o J5 dsexp(—=Lus{w, £
i[w.(€ + %) — upl}) with ¢, = sgn(w,) and the generating
function of Laguerre polynomials

£=0

we can carry out the summation over the Landau levels [34].
After that, the integration over p can be done exactly (see
Appendix C) leading to

ds,ds, e~ G1432)|@n| pi Lo (51 =52)
‘”” / / 2w Lr,(31—5) _ 5145 7 23)
c e2 COS—F—= >

where we introduced the dimensionless variables @, = w,/w.
and i, = un/w.. We can see that the replacement ¢, - —¢,
is equivalent to the interchange s; <> s, and, therefore, the
factor ¢, can be dropped meaning that )»Z)n is an even function
of w,.

The above presentation of ){'U” can be further transformed by
breaking the 5 and 5, integrations into infinite sums, fooo das; =
) ZZH(ZH)” d5;, and changing of variables § = 1(5; + 5)
and i1 = %(51 — §,). This gives us the result (see Appendix C
for details)

cosh[2@,(r — §)]

1 T
Moo= L / a5 - __7(5),  (24)
" we Jo coshQr @, ) + cos(2m i)
where
1 (3 o2iin
I(5) = —/ di——. (25)
T J_s e —coss

We can observe that the denominator in Eq. (24) oscillates
with w, and has minimums at i, = integer + % corresponding
to matching of the chemical potential with the Landau
levels. In the high-field and low-temperature regime, since
cosh(2r ®,) ~ 1, the denominator produces strong peaks in
)»ff)” at i, =€+ %, which diverge at zero temperature. The
identical oscillating factor also appears in the quasiclassical
result for the kernel eigenvalue [29].

B. Equation for the upper critical field

To study the superconducting state near H¢,, we can just
substitute the result for F;) (r) in Eq. (17) into the gap equation
(6) which leads to

Al Al
Al =27T 26
|: 8] 0<a)2:<9 |:)Le Ae:| ( )

However, similarly to the zero-field case, this gap equation
contains logarithmic divergences as 2 — oo (UV diver-
gences) which has to be cut at w, ~ Q. These logarithmic
UV divergences in an g, can be compensated by explicitly

subtracting
2eT[(1 1 ' !
S [ L]
O<w, < @n T @n
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from both side of the gap equation. Using definitions in
Egs. (10a) and (10b), this leads to the following regularized
gap equation (see Appendix B):

W A} N A(T)A _ Ji(H,T)A} e
AY Ay (T)A Jo(H,T)A§

where A = %lnt —Yr+Ye, Ay =Int,t =T/T¢c,
% tan~! /T
e X e = 2 5 )
Yc = Y7, and
(., 11
T = 2;1Tw§0 {an — w_n[i + nh(a),,):“, (28a)
> 1
Jh = 2nT%2>:0 (xgn - w-) (28b)

Now the right-hand sides of the above equations remain finite
with & — oo, since the logarithmic divergences are canceled
by the 1/w, terms. Assuming T¢,w, <K €2, we took the limit
Q2 — oo in the frequency sums. All the information about
the UV cutoff is absorbed by the parameter 7¢. The functions
Ay (T)and J,(H,T) are defined in such a way that A,(T) — 0
for T — T¢ and J,(H,T) — 0 for H — 0. In Eq. (28b) the
summation over the Matsubara frequencies can be carried out
leading to the well-known presentation [23]

° v2 1 2
T = / dss lntanh(nTs)<l—;ez(S””/”'> . 9
0

e

The upper critical field is the magnetic field at which a
nontrivial solution of the linear gap equation, Eq. (27), appears.
This corresponds to the condition

|:W11 +A - Wia
det

=0.
Wai Wa + Ay — \721|

As the matrix W is degenerate, this leads to the concise
equation

(1 n Ai(T) —jl(H,T))(l n Ao(T) — %(H,T)) _1,
Wi W

(30)

which determines superconducting instability in the magnetic
field. The constants W,, can be directly connected with the
coupling constants as

A
Wy = D=3 Te g R (31a)
2D, 2 2’
Aee — L
Wy = — +Ye +SwR (31b)
D

with Dy = Age App —

and
A — A : AeAe
R= (52 —vc) +2287
Da Dy

AenNpe, dw = sgn[Da(1 — YeApp)l,
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All information about the coupling matrix is contained in
these two constants, Wy and Wy, which also weakly depend
on the ratio w,/Tc. These parameters are typically large
in absolute values because they scale as A;ﬂl, but they can
be either positive or negative depending on the sign of the
determinant D, . The relative contribution of the band « to the
superconducting instability is inversely proportional to |Wy,|.

The behavior of the upper critical field mostly depends
on the field and temperature dependences of the functions
J» which determine the field-induced contributions to the
pairing kernels. The quasiclassical kernel 7, has monotonic
field and temperature dependences. If only the deep band
is present, the conventional monotonic upper critical field is
determined by the equation J,(H,T) = Int. In contrast, due
to the Landau-level quantization, J,(H,T) is an oscillating
function of the magnetic field at low temperatures and this
leads to the anomalous behavior of the upper critical field.
In the next section we discuss in detail the behavior of the
kernel 7.

C. Shape of the quantum field-dependent pairing kernel
J1(H,T,py) without spin splitting

In this section, we examine in detail behavior of the function
J1 in Eq. (28a). This function can be evaluated numerically
for any temperature except T = 0. We only present the results
that are relevant to the discussions, and leave the mathematical
details to Appendix D.

The direct numerical evaluation of 7 from A" in Eq. (24)
is doable but not very efficient. To derive presentation better

J

1 1 2227, (7 ds
~—-—Int—7T -1 —
Ji gt =Tr+ o In = +/0 2

with Y7 ~ 1 In[2e”# u; /( T)]. Note that the first two terms
are logarithmically divergent as T — 0. They exactly cancel
with corresponding divergent terms on the left-hand side of the
gap equation (27) so that A; — J; approaches a finite value at
T — 0. This expansion breaks down for the values of ), close
to the Landau levels, 1, = w.(€ + 1/2). In the vicinity of the
Landau levels the applicability condition of this asymptotics
becomes T < |up — w:(£ 4+ 1/2)|. In particular, near the
lowest Landau level u;, ~ w./2, we derive in Appendix D 1
the presentation

T~ -+ om(ZD) 4
YT Ir TS 20,

0)5/2 2y — @
tanh .
2up — W, 4T

(35)

We can see indeed that the low-temperature asymptotic is
realized for T < |2, — w¢|. At u;, = w./2 the function 7,
diverges as w./(8T) for T — 0. Similar behavior is realized at
higher Landau levels. For u, = w.(¢ + 1/2) the function J;
diverges as [(20)!/(2¢01)*]w./(8T); see Appendix D 4. These
divergencies were pointed out, e.g., in Ref. [26]. They reflect

+
Tl 4+
] =

PHYSICAL REVIEW B 95, 174503 (2017)

suited for numerical evaluation, one can trade the slowly
converging frequency sum to another rapidly convergent series
sum, see Appendix D,

Ji=-"r =Y (1) {cos(an/ILh)ln tanh(% j)

Jj=1
tanh(Tz
In ( ",) , (32)
tanh(fzj)

N / d5 115y ST )
0o 2 sin(27 fiy)

where T = nzT/wC, zjﬁ =jx(l- j‘ri), and the derivative of
the function Z(5), Eq. (25), can be transformed to the form

2sin(2fi;, — 1)§

7'@3) = — — Q=D
tans§
5 dii ! CRn—Digins
x [ Ee S (33)
_5 T e —coss

In Fig. 2(a), we present the numerically calculated J; within
the range w./u;, € [0.05,3.5] for three temperatures, T /u; =
0.02, 0.1, and 0.5. We can see that at low temperatures 7,
is a strongly oscillating function with the peaks at w. /@, =
1/(£ 4+ 1/2). The strongest peak is realized at the lowest
Landau level, £ = 0. The peak amplitudes rapidly decrease
with increasing temperature so that at 7 = 0.5 the function J;
is already monotonic.

At low temperatures and fi;, not close to half integers, the
J can be approximated as (see Appendix D 1)

o0

. . — 7 T +
Z(—l)fsm(ZJWh)[an_l 2/ de/an—’} (34)
; :

sin(27 i) i1 zZ;

(

enhanced Cooper pairing due to §-function singularities of the
density of states at the Landau levels.

For better exposition of the LL-quantization effects, we
derive in Appendix D 2 an approximate result for 7, in which
these effects are completely neglected,

Ti=J¥ = ~ % tanh <ﬂ>+wf ds Intanh(w T's)s
4[,Lh 2T T 0

X/Adu

This result describes behavior of 7 in the limit w, < 7T,y
and is similar to quasiclassical approximation except that it is
valid for arbitrary relations between i, and T'. It corresponds
to the form of the Green’s function given by Eq. (14) in which
the magnetic field is only taken into account in the phase
factor ¢4 (r,r’) and for gg(|r —r/|,w,) the exact zero-field
Green’s function is substituted. The function jlqc reduces to
the standard quasiclassical result similar to Eq. (29) in the
limit wj, >> T. In Fig. 2(a) we plot the function J;* together
with exact results and we see that this monotonic function
well reproduces the exact shape of 7; whenever the quantum

exp(2i juput)

—_—. 36
iu+ w.s?/2 (36)
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FIG. 2. (a) The dependences J; vs w./u;, without spin splitting for temperatures 7'/, = 0.02 (blue), T /11, = 0.1 (yellow),and T /), = 0.5
(green). The vertical dotted lines mark the values w, /), at which the Landau levels cross the Fermi level. In the plot, the solid lines correspond to
the calculation based on Eq. (32) taking the LL quantization effects into account, and the dashed lines correspond to the modified quasiclassical
approximation in Eq. (36) which has taken the band curvature effects into account. The oscillating peaks are broadened by the thermal
fluctuations and eventually disappear at high 7. The quasiclassical approximation is good for small .. (b) The dependence J, vs w./u; for
T/, = 0.02 and different spin-splitting parameters y,. The peaks in 7| are suppressed by the spin-splitting effects, except for 2y, equal to
integers. (c) The contour plot of the function [7; — A; in the plane w./u;-y; at low temperatures. The dashed lines mark the magnetic fields at
which the Zeeman-shifted Landau levels coincide with the chemical potential. One can see that the function has steps at these lines and sharp
peaks at their crossings. Between the lines the dependence on y, is very weak. The inset illustrates the spin-splitting of LLs. For finite y,, the
lifting of spin degeneracy leads to pair breaking in all LLs. But, if 2y, equals integers, due to a large number of levels matching, pair breaking
only takes place in a few LLs.

oscillations become small due to temperature smearing. It is we have

important to note that the condition w, < T, 1, does not yet

imply that J; o w,. This linear low-field asymptotics formally A =2 / ~ d s( o~ 258u(@ytip H) e—%(sve/l)z% (37a)
requires the condition w,. < T?/u; and in the case T < iy, @n 0

the parameter T2/, is much smaller than both 7' and ;. We Y T d5  cosh[28,(@, + iy.)(w — HILEG)

can indeed see in Fig. 2(a) that the approximation in Eq. (36) A, = / o COSh27 2@ - Ty - cosZrin)” (37b)
well reproduces the exact result at small w,. even in the region 0 @ COSLZT Lol@n + 1Y .

where J)(w,) is strongly nonlinear. Here we introduced the parameter y, = pu.H/w.=

u.mpc/e = gmy /4m characterizing the relation between the
spin-splitting energy and Landau-level separation. Here my
is the free-electron mass and g is the spin g factor. For free
electrons y, ~ 0.5. As the cyclotron frequency is determined

D. The kernel eigenvalue and the functions 7,
with finite spin splitting

As discussed in the introduction, the relative role of spin-
splitting effects on suppression of superconductivity is char-
acterized by the Maki parameter o, which in the clean case
scales inversely proportional to the Fermi energy. Therefore,
one can expect that these effects may be essential for shallow
bands. The kernel eigenvalues A7 can be straightforwardly
generalized to the case with finite Zeeman effects by replacing
|wy| = Cp(w, + i H) in Egs. (20) and (24). Therefore,

J

by the z-axis component of the magnetic field and the spin-
splitting energy is determined by the total field, the effective
spin-splitting factor can be enlarged by tilting the magnetic
field away from the z axis [47]; for field tilted at the angle 6
with respect to the z axis, y,(0) = y,(0)/cos6.

With finite Zeeman splitting, the eigenvalues A7, become
complex and one has to take the real part of the right- hand sides
in the definitions of the functions 7;, Egs. (28). Similarly to the
zero-spin-splitting case, we can trade the Matsubara-frequency
sum to the fast convergent series. Derivations presented in
Appendix D 3 give the following presentations:

Ji=-"r — Z(—l)j cos(2mj iip)cos(2mwjy,) Intanh(T j)

j=1

sin(27j fin)
sin(27 i) —

T

T
Z / d5Intanh (7z5) [%cos(Znyzzf-)I’(i) - yzsin(Znyzzf)I(E)] ,

o v2 1/5v, 2
dsIntanh(Ts/7) —cosZyzs + 2y,sin2y,5 |exp | — = ,
0 a) lCI)L e

(38a)

(38b)
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where the functions Z(5), Z'(5) are given by Egs. (25) and (33) and zf = j 4+ ¢(1 — §/m). Alternatively, one can derive a
presentation for 7} in which the summations over the Landau levels are preserved, see Appendix D 4,

w(m—L—=y.+3)—

w(m+1)—2u;
=+ tanh 3T — 2tanh T —

W, A+ 5=
liXm: m! tanh c(@+yé‘;2) Mo
4 —= 2m(m — £)1e!
1 w.72—2,
1 (2 tanh &E 7
A
2Jo z=2un/oc 1

This presentation is similar to one derived and used in
Refs. [25,26,29]. Even though the presentations in Eqs. (38a)
and (39) look very different, they do describe the same function
and can be used for studying different properties of this
function.

The derivations of the low-temperature asymptotics of
Jh for different cases are presented in Appendix D4. For
noninteger 2y,, the function [J; — A, approaches finite limits
at T — 0 for any value of uj. For small y, these limiting

. Q! 1
values are large at the shifted LLs, J; — A; ~ m m for

un = w(by + % 4y, £0). When 2y, equals integer j, the
spin-splitting energy 2y, w. exactly matches the LL spacing;
see the example in the inset of Fig. 2(c) for the free-electron
spin splitting, j, = 1. In these resonance cases, the function
Ji — A; again becomes divergent at low temperatures for
un = wc(bo + j/2+1/2),

280 + j,)! 3
Ti— A~ (280 + J2) ,

~_ O . forT — 0.
POl + 0L ST

However, the numerical coefficient in this asymptotics rapidly
decreases with j.. In particular, for the lowest Landau level,
ly=0,7 — .A] ~ 2_j‘"a)c/(8T).

We plot the functions J;(w.) at T = 0.02u,, for different
y, in Fig. 2(b). The spin-splitting effects effectively suppress
the spin-singlet pairing in each LL already at small values
of y, leading to rapid suppression of the J; peaks. The
peaks are replaced by the downward and upward steps
at oe/uy = (C+y. + )" and o/ = (€ =y + )7, re-
spectively. However, the pair-breaking effect of spm sphttmg
is somewhat reduced for integer values of 2y, = j.; see inset
in Fig. 2(c). For these special values, the peaks in J;(w.)
reappear at (4, = w.(£o + j,/2 + 1/2). The upper critical field
is directly determined by the difference 7 — A;, which has
finite limit at T — O for all parameters except the resonance
values of y, and @,/ tj,. The contour plot of this function in the
plane w. /-y is shown in Fig. 2(c) and provides somewhat
clearer illustration of the general behavior with increasing
y.. One can again see that this function has steps when the
chemical potential crosses the Zeeman-shifted Landau levels
and very sharp peaks at the resonance parameters y, = 2j,
and u,/w. = £y + j,/2 + 1/2 reflecting enhancement of the
pairing strength. We can also see that away from these steps
and peaks the dependence on y, is very weak. In the next
section we will use the derived formulas for the kernels 7, to
compute the upper critical fields for different coupling matrices
and spin-splitting parameters.

m+1-— 2:uh/a)c

w(m+1)—2u,
tanh =e=— 7

m+1_2/’Lll/wc a

tanh w.(m+142)—2u;
4T (39)

m+1+z_2/’Lh/wc

(

VI. TEMPERATURE-FIELD PHASE DIAGRAMS:
REENTRANT LANDAU-LEVEL REGIONS

In previous sections we derived general relations which
determine the superconducting instabilities in the magnetic
field for clean two-dimensional superconductors with two
bands, deep and shallow. At this stage we have all the in-
gredients to determine the upper critical field in such a system.
In this section, we discuss the shapes of the magnetic field-
temperature phase diagrams for several representative cases.
First, we present simple analytical results for different limits.

For T — T¢ and w. — 0, we can keep only linear terms in
Ju with respect to H (see Appendix D 2), J, ~ — H)Y, with

eun [7¢3) 1 /"O du u

= - “tanh (= )| (40

Nz cth2|: o2 T o anh ( (40a)
7¢(3) ep

= , 40b
V2 872 cm,T? (400)
where ¢(x) is the Riemann zeta function, ¢(3) ~ 1.202, and

expand A, with respectto 1 — ¢,
A~ —Ad—1) with A =1+tanh 2 (41a)
2T¢

A, &~ —(1 —1). (41b)

We remark that the shallow-band results in Eqgs. (40a) and
(41a) are somewhat different from the conventional quasi-
classical approach. As near the transition temperature |(A, —
Ju)/ Wae| < 1, the equation for H¢,, Eq. (30), becomes

— S AR, (42)
Wi Wa
Substituting the linear expansions for 4, and 7,, we obtain
AL
Hea(t) ~ (1 = 512 43)
Wi T Wi

Furthermore, for the shallow band, i, < u, and this implies
V1 < Y. This allows us to simplify H¢, near T¢ as

1- W,
1+ A
W ( 1Wu)

Near T, the quantum and spin-splitting effects are negligible
and the shallow band gives a relatively small correction to Hc .

As demonstrated in Sec. V C, without the spin-splitting
effects the function J,(H,T) diverges for T — 0 as 1/T
at o, = up/(€+1/2). As a consequence, the transition
temperature is usually finite at these field values. For the
lowest LL (2, = w,), this transition temperature TC(2 can be

Heo (1) ~ “4)
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calculated from Eq. (30) in the case Tég) & T¢,up, by using the
low-temperature asymptotics of J;, Eq. (35), and />, Eq. (29),
see Appendix E 1, which yields

2Wi 1 4 !
c(%) ~ Hof _2Wuhre +2Yc+1n it (45)
2 [2Wy +1Inrce nTc
with
H eVEmp uw,
r'e= 4o = 5 72 (46)
HE, wem,TE

where HY, = Q2 /eve )CTC2 /ev? is the orbital upper critical
field of the deep band. We focus on the regime H > H/,
meaning that r¢ > 1.

For special values of spin-splitting parameters 2y, = j.,
the transition temperature may be also finite at w, = up, /(€ +
Jz/2+ 1/2). In particular, we derive in Appendix E2 the
transition temperature Télz) for the important particular case of
free-electron spin splitting, j. = 1, and the highest resonance

field, w, = s,
2Wy; InF 2 177!
“)~‘”’[ nnre +2Tc+ln<—uh)——:| :
7TTC 4
47)

2 ? 2Wy + In7e

where 7c = rc[1 + 2m,w, yzz /(my, )] accounts for weak Zee-
man correction in the deep band. The result for Télz) is similar
to Tc(g) but contains a smaller numerical factor.

The transition temperatures Té’g emerge as a result of the
interplay between the pairing strengths in two bands which
is accounted for by the first term within the square brackets
in Egs. (45) and (47). These temperatures are finite if the
expressions inside the square brackets are positive which is true
for most parameter sets [48]. The values of Té’z) are determined
not only by overall strength of the Cooper pairing but also
by the relative weights with which two bands contribute to
superconducting instability. Therefore, they are very sensitive
to the coupling-matrix structure.

In particular, for the dominating deep-band coupling,
ANee > Appy|Aenl,|Anel, a noticeable reentrant 7T¢, only
appears for sufficiently strong interband couplings. In-
deed, in this scenario, the constants W,, can be esti-
mated as Wi & A,./Da and Wy & Ay Ape/(AeeDp) with
[Wa| < |Wii]. In the case Inr¢e < [Way| and W/ Wy =
A2 /A Ape > Y, In(uy/ T.), we obtain a simple estimate,
Tég) ~ UpDen Ape/(21n rcAge) showing that Tc('g indeed van-
ishfor A, AL, — 0. We also see that in this case Tc(lz)decrease
with the increasing deep-band coupling constant A,.. Such
counterintuitive behavior is caused by the reduction of the
shallow-band weight at the superconducting instability.

In the opposite limit of the dominating interband coupling
[Apels|Aen| > Aces App, assuming that Yo << 1/4/Aep Ape,
we obtain Wy = Wy /2~ —1//2AnApe. In the limit
Inre < 1//AenApe we obtain a simple estimate for the
transition temperature

—1
pa |1 4
TC(‘%) ~ 7[5 lnrc—i—ZTC—i—ln <E>:| s

which does not depend on coupling constants at all.

PHYSICAL REVIEW B 95, 174503 (2017)
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FIG. 3. The representative dependences of the high-field tran-
sition temperatures TC(’; on the off-diagonal coupling constant Ay,
for fixed effective coupling constant A, = 0.2 and three values of
i/ Tc. Other parameters are shown in the left plot. The upper limit on
the horizontal axis roughly corresponds to purely interband coupling,
A, = 0. The curves show both analytical results given by Eq. (45)
for Tég) and Eq. (47) for Tc(lz) and the precise numerical calculation
based on Eq. (30) with the exact 71, Eq. (38a), and ./, Eq. (38b). The
analytical and numerical results are practically indistinguishable.

For further understanding the relative role of the deep-band
and intraband coupling strengths, we analyze in more detail
the case of vanishing pairing in the shallow band Ay, =
0. We consider the evolution of Té%) with the increasing
interband coupling, assuming that 7¢ is fixed, meaning that the
effective coupling Ag . in Eq. (13) remains unchanged. In this
case Age = Ag, for AegyApe =0 and AgyApe = A], /(5 +
Ao Yc) for A,e = 0. In the case Ay, = 0, we can strongly
simplify presentations for the parameters W, in Egs. (31) by
relating them with Ag,

AO,e
AehAhe ’

1
Wy = — (48)

Wi = — .
AO,e

This allows us to rewrite the result for Tég), Eq. (45), more
transparently as

-1
A} 1 4
7O ~ K| 0 o $2Yc+1n (—“h ) .
2 AehAhe 1-— ;)‘z' In rc T[TC
(49)

Similar presentation can be obtained for TC(IZ). We can see that

at fixed T¢ the temperatures Té’z) monotonically increase with
the interband couplings and have some tendency to saturation
when these couplings become large.

The dependence of Té’; on u; and, correspondingly,
on w. x H is characterized by the three typical scales:
the transition temperature 7T¢, the value at which the
Landau-level magnetic field matches the deep-band upper
critical field pul) = c;m T2 /mpu with ¢y = ¢1/2 ~ 2.77,
and the large scale pL(;\) = (é)z exp(2/Ap.). In the range
TC,M(CD2 L pp KL ,uf,';) the temperatures Tc(g increase with py,
similar to the prediction for the single-band case [26,27,36].

For Aoy Ape K A%,e’ the function ng)(,uh) has minimum at

Wn = e,bL(Ci)z. At larger interband couplings the minimum is
displaced to larger values which are determined by interplay
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FIG. 4. The typical phase diagram for a two-band superconductor
with the shallow band for w, = 3T¢, Apy = Aee =0, Ay, = 0.3,
€0/ Tc = 10, and m,/m;, = 1. The shaded regions are the supercon-
ducting states and the H¢,(T') (blue) curves are calculated by using
Egs. (32) and (29). The dots on the vertical axis are the Hc, values at
T = 0, which are calculated by using Egs. (34) and (29)inthe T — 0
limit. The quasiclassical result obtained from Egs. (36) and (29) is
shown by the dashed line. The gray dotted lines mark magnetic fields
H,, at which the chemical potential exactly matches Landau levels
for the hole electrons, u, = w.(£ + %).

between T¢ and M(Cl‘)Z In the case 11| < €, which may realize

only for very deep band, ng)(uh) reaches maximum for
wnp = ,ux) /e and vanishes at u;, = ,u(,’;). The latter behavior,
however, corresponds to very large magnetic fields and,
probably, it is of only academic interest.

Figure 3 shows the dependences of ng) on the interband
coupling Aj, for three values of u;/T¢ and the representative
parameters Ao, = 0.2, m, = m,, and €y = 107¢. For this
choice of parameters e,ug ~ 0.75T¢ and e,u(cl% ~ 1.5T¢.
Consistent with above estimates, Té%) increases with u; for
all Ay, while Télz) weakly depends on w; at small A, and

decreases with pu, at large Aj.. The maximum TC(IZ) ~ 0.17T¢

|
o 2% *Aee: A‘hhz 0, Aeh: Ahe: 0.3
YA 1 | y,=0,8,=10 T

Nag |

7%,

7.6

o IR
5 it -
— il 8. e
© I = Vi
B~ 3 : R L e
3 M
> ) e
=
o1 AP PoPT T rmaseeles
T A T TP T T T AT T ] T
A A T T D T e,
0 T T T T f
0.0 0.2 0.4 0.6 0.8 1.0

PHYSICAL REVIEW B 95, 174503 (2017)

realized for purely interband coupling case is roughly two
times smaller than the maximum Tc(g) =~ 0.34Tc. The values

of Tc(g) and Télz) provide natural measures for the strength of
the high-field reentrant behavior which we discuss below.

In the whole temperature—magnetic field region, we com-
puted the superconducting instability boundaries from Eq. (30)
for several parameter sets. We consider first the case of zero
spin splitting. Figure 4 shows the typical phase diagram in
this case for representative parameters. The field scale in this
and other plots cmy T¢ /e is around 37 T for T = 50 K and
mj, = free-electron mass. The most remarkable feature is the
existence of the reentrant superconducting regions at high
magnetic fields whenever the highest occupied LL crosses (.
These regions appear due to sharp enhancement of the density
of states at these magnetic fields. At higher temperatures the
thermal smearing of the Landau levels erases the quantization
effects. As a result, the reentrant states disappear and the
H¢, curve approaches the quasiclassical result. The reentrance
effect is most pronounced for the lowest Landau level and in the
following consideration we mostly concentrate on this case.

The specific behavior is sensitive to the structure of the
coupling matrix. In particular, it is quantitatively different for
two cases discussed in the introduction, the interband-coupling
scenario and induced superconductivity in the shallow band.
Figure 5 shows evolution of the temperature-field diagram
with w;,/Tc without spin splitting for these two cases. The
qualitative behavior is similar in both cases; with increasing
chemical potential the strong bump appears at low tempera-
tures and then it separates from the main domain and becomes
a separate high-field superconducting region. The size of this
reentrance region is much larger for the interband-coupling
case, in which maximum 7, almost reaches T¢/3. These
numerically computed T, are in perfect agreement with the
analytical result, Eq. (45).

The spin-splitting effects rapidly suppress the high-field
reentrant regions. This can be seen in Fig. 6, in which
we plot the dependence of superconducting boundaries at
low temperatures on the spin-splitting factor y, for the
case of induced superconductivity in the shallow band (the

27,

T T T
Aee: 03, Ahh: 0, Aeh: Ahe: 0.2

7,=0, 5= 10T

0.0 0.2 0 .6 0.8 1.0

4 0
T/Te

FIG. 5. Evolution of the temperature-field diagram with p, /T without spin splitting for the two different coupling matrices specified
in the plots. The left plot is for a purely interband coupling model and the right plot is for dominating coupling in the deep band when
superconductivity is induced in the shallow band by the interband pairing interactions. Other parameters are &9/ T¢c = 10 and m,/m;, = 1. The
dashed lines correspond to the quasiclassical results obtained from Eqgs. (36) and (29), which is only distinguishable from LL quantization

result in the regime of T < T¢ /2.
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3.0 T T N T T T T T
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FIG. 6. The dependence of superconducting boundaries on the
spin-splitting parameter y, at low temperature 7 = 0.027- and
wn = 1.2T¢ for the case of the shallow band with induced super-
conductivity. We used the same parameters as in the right plot of
Fig. 5. The dashed lines mark the magnetic fields at which the
Zeeman-shifted Landau levels match the chemical potential.

same parameters as in the right plot of Fig. 5). A very
small value y, ~ 0.05 is already sufficient to eliminate the
separated region. In the interband-coupling scenario this value
is somewhat larger, y, & 0.1. Another noticeable feature in
Fig. 6 is a significant suppression of 7 at the magnetic fields
for which the chemical potential falls in between the spin-up
and spin-down Landau levels. This leads to stepwise behavior
of the main boundary with steps corresponding to crossing
the spin-down Landau levels and may cause the appearance of
normal regions inside the superconducting domain. We also
see in Fig. 6 that the reentrant regions reappear near the integer
values of 2y,, 1 and 2, corresponding to crossing of Landau
levels with different spin orientations shown by the dashed
lines. The reentrance is well developed for y, =~ 0.5 when
the chemical potential matches coinciding the spin-up Oth and
spin-down 1Ist Landau levels. Figure 7 (left) illustrates the

Resonant e Near resonant
S S TS 1! S A
, =_____f},+),z t
?2 ’ \;v; 0 y,= 0.05
~
515 =0.5 y,= 0.45
R e e L
imo- 7~1.0 . me-
R e —— X )
0.5

0,0 , , ,
0.00 005 0.10 0.15 020 0.250.00 002 004 006 0.8

T/T.

FIG. 7. The low-temperature part of the phase diagrams for the
resonance values of the spin splitting factor (left) and for two values
close to resonances (right). Other parameters are the same as in Fig. 6.
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0.0 0.2 0.4 06 08 10

T/Te

FIG. 8. The evolution of the temperature-field diagram with
i/ Tc for the same parameters as in Fig. 5 (left) and for free-electron
spin splitting, y, = 0.5.

low-temperature part of phase diagrams for resonant values of
spin splitting, y, = 0, 0.5, and 1, for the same parameters
as in Fig. 6. We can see that the size of reentrant region
decreases with increasing y,. When y, deviates from the
resonance values, the reentrance rapidly disappears. Before
disappearance, two small reentrant domains typically exist at
fields corresponding to matching of the chemical potential with
LL for two spin orientations, as illustrated in Fig. 7 (right).
Figure 8 illustrates evolution of the temperature-magnetic
field phase diagrams with decreasing chemical potential for
y. = 0.5 in the interband-coupling case. We use the same
parameters as in the left plot of Fig. 5. We can see that the
behavior is similar to the case y, = 0 except that the reentrant
regions are smaller and their location is shifted to different
values of w;, / Tc. In the case of induced superconductivity into
the shallow band corresponding to the right plot of Fig. 5 the
behavior is similar but the reentrant regions are even smaller.

VII. SUMMARY AND DISCUSSION

In multiple-band superconductors, the shallow band can
play an important role in spite of its low carrier concentration.
In the presence of high magnetic field, the highest occupied LL
has a very low quantum number. As a consequence, the Landau
quantization may cause the reentrant high-field superconduct-
ing regions at the low temperatures. The quantitative behavior
depends on the relative strength of intra- and interpocket
pairing interactions. The reentrance is most pronounced when
the interpocket coupling dominates.

The Zeeman spin splitting rapidly suppresses the high-field
reentrant regions. However, such regions reappear in the
special cases when spin-splitting energy exactly matches the
LL spacing. The magnitude of the Zeeman term is determined
by two factors, the g factor and the band effective mass.
In real materials both these factors may significantly differ
from the free-electron values. In particular, the relative role of
spin splitting is reduced for light quasiparticles due to higher
Landau-level energies; see, e.g., Ref. [49].

In this paper we limit ourselves to the case when at the
superconducting instability the lowest-Landau-level gap solu-
tion, Eq. (16), is realized. It was demonstrated in Refs. [42] that
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in the case of a small-size single 2D Fermi surface and large
spin splitting, the gap shape at the superconducting instability
may be given by the higher-Landau-level wave functions. We
verified that this does not happen for the parameter range we
considered. Such scenario typically requires smaller Fermi
energy for the deep band, €y < 57¢.

We only considered a clean superconductor with a very
small scattering rate. In general, impurities are expected to
have the same effect as the temperature which broadens the
LLs leading to diminishing of the reentrant behavior. Similarly
to other quantum oscillations, we expect that this behavior
persists until Tw, > 1, where 7 is the scattering time.

We mention that a different orbital mechanism for the
reappearance of superconductivity at high magnetic fields was
predicted for quasi-one- and quasi-two-dimensional metals
when the field is applied along the high-conductivity directions
[50]. In this case the restoration of superconductivity is caused
by the interplay between the quantum orbital motion of
quasiparticles in the direction perpendicular to the conducting
chains or planes and interchain/interplane periodicity.

The reentrant superconductivity in a high magnetic field
similar to the one predicted here has been observed in
Eu-doped Chevrel phases, Eu,Sn; ,MogSg, with Tc &~ 4 K
[51]. This material has a wide isolated semielliptical su-
perconducting region for T <1 Kand 4 T < H <225 T.
The quasiclassical model used for the interpretation of this
behavior assumed very weak orbital effect of magnetic field
with Maki parameter oy, ~ 4.8 and the compensation of the
Zeeman-splitting effects due to interaction of quasiparticles
with local magnetic moments, the Jaccarino-Peter effect [52].
While the second assumption looks very reasonable due to the
presence of the magnetic Eu ions, the reason for the extreme
weakness of the orbital effects in this material is not very clear.
We cannot exclude that quantization effects play a role in the
formation of the reentrant region in this material.

The presence of tunable shallow bands, as well as high
values of the transition temperatures and upper critical fields,
make FeSCs natural candidates for the reentrant behavior. An
essential requirement is a sufficiently strong pairing interaction
in between deep and shallow bands. Observation of the very
large superconducting gap in the shallow hole band of LiAsFe
[4] suggests that such strong interband coupling is indeed
present at least in some FeSC compounds. In this paper
we limited ourselves to the two-dimensional case for which
the quantization effects are the strongest. At the qualitative
level, we expect that our results are applicable to the FeSe
monolayer on SrTiO; for which the Lifshitz transition has been
reported recently [14] or for intercalated FeSe compounds. The
reentrant behavior is expected when the chemical potential of
the shallow band is tuned to the transition temperature. For
Tc ~ 50 K this corresponds to wu; ~ 4.3 meV, which is about
10 times smaller than the Fermi energy of the deep electron
band at the M point. Experimental probes of the electronic
spectrum in the bulk FeSe by quantum oscillations [53-55]
and ARPES [54,56,57] show that the quasiparticles in this
material have heavy effective masses exceeding 3 ~ 4 times
the free-electron mass, probably due to correlation effects.
The FeSe monolayer has similarly large effective masses
[6,14]. This factor should enhance Zeeman effects in the
shallow bands. On the other hand, we are not aware of direct
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measurements of g factors in iron-based superconductors. In
addition, quantitative consideration requires knowledge of the
coupling matrix. A challenging practical requirement is the
fabrication of a clean monolayer with very small scattering
rate.

In the bulk FeSC materials one has to consider a three-
dimensional electronic spectrum. We expect that the main
qualitative features are preserved even though the quantum
effects are weaker in the 3D case. An additional complication
is the possibility of the Fulde-Ferrell-Larkin-Ovchinnikov
modulation of the order parameter along the direction of
magnetic field for strong spin splitting which has been
considered recently in Refs. [38,58] within the quasiclassical
approximation.

Even though our consideration has been motivated by
physics of FeSCs, it may be applicable to other multicom-
ponent superconducting systems. Recently, another promising
possibility to realize similar LL quantization effects has been
discussed for an ultracold system of two different fermionic
atoms with the artificial magnetic field [59]. The mathematical
description of superconducting instability for this system is
very close to multiple-band metals. The reentrant behavior is
always expected in this case, since, in contrast to multiple-
band superconductors, the Zeeman spin-splitting and disorder
effects are absent.
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APPENDIX A: FORMULA FOR THE EFFECTIVE
COUPLING CONSTANT A,

According to Eq. (10a), T¢ is directly determined by the
effective coupling constants Ay,
Tc = CQexp (Ag)) (A1)
with C = 2e"* /m =~ 1.134. The constants Ag, and Ag ; obey
the instability condition det(A~! — Ay 1y = 0, which gives

AgtAgpdetA — AgiAee — AgpAm +1=0. (A2

Using Eq. (10b) we can exclude A, Aa}l = A&l/z + Yc.

This gives the quadratic equation for A i, which we can solve
as

Agl = b+ 80y —2(1 = YcAu)/Da,  (A3)

where, §p = +1, b= (Ace + 3Am)/Da — Yc, and Dy =
det A. The sign 8, giving the largest T¢ (i.e., the largest
positive Ag ) has to be selected. Analyzing different cases, we
derive 65 = —sgn[(1 — Y¢cApp)/Dal- Note that Y depends
on the ratio wu;/T¢ and therefore, formally, Eq. (A3) is an
implicit equation for T¢. It is convenient however to treat
the ratio w,/T¢c as an independent parameter. In this case
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Egs. (Al) and (A3) determine T¢ as a function of this
parameter, the pairing energy scale €2, and the coupling matrix.

APPENDIX B: THE REGULARIZATION OF THE GAP
EQUATION AT FINITE MAGNETIC FIELD

In this Appendix, we describe regularization of logarithmic
(UV) divergence in the gap equation for a finite magnetic field,
Eq. (26), which allows us to absorb all the information about
the energy cutoff into 7¢. In the above equation the sums
2n T an>0 g, (H,T) are logarithmically diverging and have
to be cut at the high-energy scale €2, similarly to the zero-field
case, Eq. (9). To regularize Eq. (26), we make the standard
decomposition

T)e (H,T)=T[x (HT)— 2 (0.7)]
— [Tl (0.Tc)—Trg (0,T)]+Tcrl, (0.T¢),

where, according to Eq. (9), A;, (0,T) = 1/w, and )\Z)” 0,7)=
[% + np(wy)]/w,. As follows from the definitions (10),
2xTc Y, 0, 0,Tc) = A,L, and this is the only sum
containing logarithmic divergence. In the other two terms the
summation over w, can be extended to infinity. In particular,
we have

Ay =21 Y [TeAl (0.Tc) — TAL (0.T)]

w, >0
1
=3 In(T/Tc) — Yr + Yc,

A, =21 Z [TcA, (0,Tc) — TAL, (0,T)] = In(T/ Tc).

w, >0

Using also the definitions of J,(H,T) in Eq. (28), we
obtain the relation 2T ", _, A% (H.T) = Ay, — Ao(T) +

Ju(H,T) which leads to the regularized gap equation, Eq. (27).

APPENDIX C: DERIVATION OF THE KERNEL
EIGENVALUE l’a',n

In this Appendix we present derivation of Eqgs. (23) and
(24) for the shallow-band eigenvalue kﬁ)n. Using definition in
Eq. (18) with the Green’s functions in Eq. (21) we present )»ff)”
as

A /oo S LLee
= — X "xX)e
o= Jy 22PN, £ I

o . o .
X / dsleffmfl(qurth/) / dSZe*Q)Sz(wu*tEe)’
0 0

where E; = w.(£+1/2), ¢, =sgn(w,), x = p>/(20%),
and we used the integral representation (w, £iE;) =
(wfooodsexp[—gws(a),,:tiEg)] [34]. The summation of
Laguerre polynomials can now be done by using the
generating function in Eq. (22) which gives

oo oo
A= / ds, / dSZe—(Mﬂz)IwnIeitw(ﬂ—Sz)(uh—%wc)
0 0

(27

y /°° wedx exp [— 5] exp [~ 5]
0 b4 (1 =) = 1) '
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7}

FIG. 9. The change of variables for the §,-5, integral, Eq. (C2),
into the §-i integral, Eqs. (C4) and (C5). The gray regions R, and R,
are the integration regions in Eq. (C4) for the first and second terms
correspondingly.

where ) = exp(—i,w.s1) and ¥, = exp(i¢,w.s52). We can
now integrate out the variable x, and this leads to

o0 0 o= (1)|@nl pituG1—52) (A5
A= / ds, / ds, )
" Jo 0 Twe(2 — 0 — )

We have introduced the dimensionless quantities §; » = s 2.,
@y = oy /o, and iy, = wy/w.. This result is equivalent to
Eq. (23).

To derive presentation better suited for numerical evalua-
tion, we eliminate the infinite integral using splitting fooo ds, =

[o%) 2m+)mr - 00 4 [e%) 2+ 5
Yoo Jome T dsy and [T ds, =Y 07 [0 ds,, and

translating the §; — §; 4+ 2mm and 5, — 5, + 2n7 in each
term of the sum. Noting that %, » remain unchanged by shifting
512 = 512 + 2nm, this leads to

)\h _ /271 /27r d§1d§2
o Jo o 2mwcQdn]) e1Gi) — cos it
in which Q(®,) is determined by the double sum

1 o0 o0
_ =27 (mAn)d, 2mi(m—n)(fiy,—1)
= E E e e 27,
O(wn)

m=0 n=0

(ChH

e~ G152)1@n] i (51 =52) i

(€2

Evaluation of this sum gives the quantum oscillating factor
Q@) = 1+ 2 P cos(2m i) + e 7. (C3)

Next, we change the integration variables in Eq. (C2), § =
%(El +5,) and i = %(El — §52), as illustrated in Fig. 9. This
gives us the following presentation:

A= _ [ / " dse L)
" 0 Q(@n]) Lo

2
+ / dEe_ZI‘D"SI(Zn—@], (S50
where
1 73 2iiifiy
1) = — / di—— (C5)
T J_s e —coss

with lim;_, 19 Z(5) = 1. The first and second terms in Eq. (C4)
correspond to the integration over the domains R; and R;
in Fig. 9. In the new coordinates, the integrand exponentially
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decays with § and oscillates in the & direction. Making the sub-
stitution § — 27 — § in the second term and using the relation

De =2 1

Q(dn)

- cosh(Qm @,) + cos2m iy

we obtain Eq. (24) of the main text.

APPENDIX D: REPRESENTATIONS AND ASYMPTOTICS
OF THE FUNCTION J,(H,T)

In this Appendix we derive the presentation for the function
J1,Eq. (32), used for numerical calculations. The starting point
is the presentation (28a) in which )»Z)n is defined by Eq. (24).
Integrating this presentation by parts we obtain

, 1 sinh[277 |@, ]
@0 o, | 2[coshRr @y) + cos(27 fin)]
n /” s 2 sinh[2@, (r — §)]
0

cosh(Qr @, ) + cos(2m i)
where the derivative Z'(5) = dZ(5)/d5 is explicitly given by
Eq. (33). Substituting this result into Eq. (28a), we represent
J1 as

T _—TT—i-ZnTZ (—

Wy >0
/” _ 2sinh[2@, (T — 5)IZ'(3)
+ ds - -

0 cosh(2r @,) + cosm fiy,)
To transform this equation further, we will expand the
expression under the sum with respect to exp(—2m @, ), which
will allow us to carry out the @, summation. Using the relation

I/(f)}, (D)

1 exp(—27 ®,) + cos(2m i)
2 cosh(2m i,) + cos(2m jiy)

(D2)

1 _ 2 exp(—2m dy)
cosh(2rw@,) + cos(2mw i) (14 ¢u,) (1 + (p:j)”)
2 1
= - m
sinriiy) 1+ @,

with ¢, = exp[—2n(®, + iji;)] and expanding it with re-
spect to ¢, gives

1
cosh(2r @,) + cos(2x fiy)

2 oo
= —— (—l)jImgoJ,
sin(27 i) ; "

2 o0
= —1)/ —27j@,)sin(27 j fin).
S i) ;:1( ) exp(—27j@,)sin(27 j fin)

Substituting this expansion in Eq. (D2) and using Matsubara-
frequency summation formula

oxT Z exp(— 2a),,x)

Wn

nT
— Intanh [ ] (D3)
w, >0 ¢
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we derive
o B jsm(Zﬂmh) .
Ji=-"r JX_;( 1) @) Intanh[Z(j + 1)]
o 2 ) I tanh(s i ndEI/‘ tanh(rz)
~+ cos(2m fi) In tan (r])+/0 5 (5)In —tanh(f ;)
(D4

with 7 = 72T/, and z7 = j + (1 — £). Changing the sum-
mation variable, j — j — 1, we can transform the first term
in the sum as

Z( jSCTI) | osh(7G + 1)

sm(2 in)
= Z(—l)f lntanh(fj)[w + cos(2njﬂh)i|,
= tan(27 fiy)

which allows us to further simplify J;,

J=-"r — Z(—l)j!cos(%rjﬁh)ln tanh(7 j)

j=1

+ [ "B
o 277

This presentation is used in numerical calculations.

tanh(rz )
tanh(Tz ; )

sin(27 j fiy) !
n
sin(27 fiy,

}. (D5)

1. Low-temperature limit

To derive the low-temperature asymptotics of [J;, we start
with the intermediate result (D4) which we rewrite as

Jie B +Z (=1)/sin(27j )

Sin27 i,
T ds tanh(tz )
x/ Zh—76), (D6)
0o 2 tanh(tz )
with
. )
—1)/ 1
Pr=Y ﬁ{ Intanh(z /)= [sin[27 (j + 1)its]
o in2m fiy, 2

+sin[2m (j—1)jas]]+sin(2mj i) In tanh[T(j + 1)] } .

We can extract the In7 divergent terms in Pr by further
rearranging the j summation as follows:

1
Pr = ) In tanh(27)

tanh[7(j + 1)]
tanh[z(j — )]’

N i (—1)/sin(27j i) o
= 2sin(27 fiy,)

In the 7 — O limit for ji; not close to half integers, we may
expand tanh x &~ x and this yields

> (—1)/sin(27j fin)
In

1 1
Pr ~ —=In(2%
7~ =5 Il f)+; 2sin(27 fip)

j-r

Substituting this result into Eq. (D6), we obtain Eq. (34).
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We note again that the above low-temperature approxi-
mation is valid for any fi,, except near the half integers,
where the j sum diverges. We can derive more accurate result
in the vicinity of fi, = 1/2 using the presentation given by
Eq. (D5) as a starting point. The last term in this presentation
containing the double integration vanishes at i, = 1/2 and
can be neglected. Defining 8, = 2ji, — 1 with §, < 1 we
represent J; as Jy ~ —Yr +7:

o0
T~ — Z cos(mwd, j)Intanh(T j).
j=1

For computation of the sum at low temperatures we introduce
the intermediate scale N, 1 « N < w./(m>T) and approxi-
mate the sum for j > N by the integral

N
T~ — Z cos(é8,, j) In(Z j)

j=1

[e ]
— f dxcos(mé,x) Intanh(Tx)

N+%

N+}%
= — Z cos(mwé, j)In(Tj) + / i dxcos(mé,x)In(Tx)

j=1

1 728
— tanh 2,
HETIR (4f>

— o7 dxcos( 8, x) Intanh(Tx) =

where we have used

2
% tanh(ﬂ—?‘). As the sum of the first two terms is not singular
"
at§, — 0, we can set §, = 0 in them. Evaluating the sum and

integral, we obtain
+ ! In| N+ ! N + !
2 2 2

1 725,
+ 1 — tanh
o @)+ 55 tan ( 47 )

~ —In[['(N + D] + (N

where I'(z) is the Gamma function, I'(N + 1) = N!. Using the
Stirling formula, I'(z) ~ e~%z°"1/2y/27 for z > 1, we obtain

a: 1 728,
~ 21 — tanh .
2“(2 >+25 a <4r)

As expected, the intermediate scale dropped out from the final
result. This corresponds to Eq. (35) for 7} in the real variables.

2. Modified quasiclassical approximation
for J in the limit 0, K 7T, 1,

In the limit o, < 7 T,u; the Landau-quantization effects
are very weak allowing for significant simplification of 7. As
we consider the case when p;, is small, we cannot simply use
the conventional quasiclassical approach but will derive the
approximation which also accounts for the case u;, ~ T. We
take the presentation for J; in Eq. (D5) as a starting point.
In the limit T = 72T /w, > 1 all terms in the sum over j
are exponentially small except the z; term for j = I in the §
integral, z; = §/m. Also, the § integration converges at § <
1 and, therefore, it can be extended to infinity, giving the
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following approximation:

o0 d— =
T~ =Yr — / —SI/(E) In tanh <£§>
0 2 T
The function Z'(5), Eq. (33), for § <« 1 and w. < u; can be

approximated as

2sin(2f1,5)  2cos(2ji;5)

73)~

TS T

2I~’th / d Ziﬂhﬁ
T Jos  ia+3§22

Using also the following presentation for the function Y7,

® ds
Y7 =— — Intanh( T's)
0 T

00 = _
=— / d_s In tanh < ) —sm(2uhs)
0 T T K

sin(2u,s)
s

we derive

0 J§ T K 621';7./,17
+Mh/0 ;lntanh (;s)s/s dum (D7)
Returning back to the real coordinates, we obtain Eq. (36)
of the main text. This result is valid for arbitrary re-
lation between u; and T provided w, < wT,u,. In the
limit u, > T it reproduces the conventional quasiclassical
approximation.

In the limit w. — O the function 7, vanishes linearly with
.. In general, the condition w, < 7 T,u; does not yet imply
that we can use this linear asymptotics. It requires the condition
. < T?*/uy,, which may be stronger because in the limit 7 <
wy, the parameter T2/, is much smaller than both 7' and 4.

To compute the ratio J; /w. in the limit w, — 0, we evaluate

the u integral as
/Sd expl2ijupul +2/Sd Sln(2uhu).
—_ 0 u

u— R
o iu+ws?/2

Using the integrals [~ ®™dy = Z and f;"dssIntanhs =

_EB®

LG transform 7, to the form

7((3) Weh Wn
= t h Hn E’
N/ 8 TP 4 UMor
2 o0 00 2
L= —wcﬂhf ds sIntanh(z T's) duw_
T 0 s u
(D3)
Here ¢ (x) is the Riemann zeta function, ¢(3) ~ 1.202. Using

substitutions # = svT/u, and s = §/n T, we transform the
double integral £ into a single integral as

2wy [ dv [ o 2v
= — ds §Intanh § sin| —3§
7@ T Juyr v Jo T

ey /"o dv v —sinhv
877 1 07 et (3)
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The integral in this formula can be transformed as

*° dv v — sinh *°d 1 *d 2 ©d
/ _an(v):/ —U——Z/ —vtanh ke = —— tanh ad +2/ —Utanh ke
« v cosh®(%) +  v? cosh’(%) TS 2 x2 2 PENRTE 2
C C n o0 d
— @, an ﬂ —+ —w e / —vtanh B .
4/.Lh 2T 4T2 wun/T U3 2

Substituting this result into Eq. (D8), we finally obtain asymptotics of ; for w, — 0:

7 3) w, 3 * d
T = (@) et _ el / 2Y tanh (D9)
8 (7TT)2 ar? J,. r v3 2

giving

This result will be used for evaluation of the H¢, slope for T — T¢. In the limit u;, > T the second term vanishes and we
reproduce the well-known classical result.

3. J.(H,T) with finite Zeeman splitting
With finite Zeeman splitting Eq. (24) becomes

_ / cosh[ 2§w(a)n + l%)(n 5] T 5). (D10)
cosh [27 ¢(dy + 1y;)] 4 coS2m iy,

Integrating by parts, we can transform it as

n sinh[27 (&, + iyz)] 3 /” s expl2ng(@, +iy:) = 25@,5]  dle L) D11
= N 5
@ 2w, {cosh[2m (@, + iy,)] + cos2m fis} 4w, {cosh[27 (&, + iy.)] + cos2m jip} ds
where w, > 0 and for w, < O, AZ’% is just the complex conjugate of the above equation. With such k(’j)n the function
= 1
— h —
Ji=—-"r +2nTRe 2:0 <)“a),, 20)”)
takes the form
= 'y + 2 TRe i B exp[—27r((2)n_+ i)/‘z)] + COSZJT[L;i
= 2wy {cosh[2r (@, + iy,)] + cos2m iy}
2 c(&, +iy,) —2¢@,5]  dle HSI(E
+ Y / g expl ng(fo +.lJ/z) S s]_ le - ) D12)
e 4wn{cosh[2n(wn +iy,)] + cos2m i} ds
Using the expansion
1 sin(27j iip)

22( 1Y expl—27 (@, +iy.)]

cosh[27 (@, +iy,)] + cos(Znuh) sinQRm fiy)

and performing summation over the Matsubara frequencies, we obtain

Sin(27j ip)

Ji=-Tr -Re Z(_ )J sin(27 i)

({exp[—2m’(j + Dy, ]Intanh[T(j + 1)] 4 exp(—2mijy,)cos(2m iiy) Intanh[T j]}

-y f 58 dlexp(=2ic7:HIE)]
2 ds

exp[—27i(j — ¢)y.]Intanh (fzj?)), (D13)
c=%1
with z; = j + ¢(1 — ). Using the relation

Z( Sm(znjuh) exp[—27i(j + Dy:]Intanh[T(j + 1)]

s1n(2 i)
Ny [sin@rjia) - - .
=— Z(—l) m —cos2mjfiy) | exp(—2mijy,) Intanh(T j),
j=1
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this result can be simplified as

J=-Yr — Z(—l)j cos(2mj fip)cos(2mwjy,) Intanh(T j)

j=1

d[cos(2 Z
+ ) f & sin@mjy) d[cos(2my:23) ()] Intanh (7z5) ¢ D19

= 2 sin(27 i) ds
Taking explicitly the § derivative, we obtain Eq. (38a) of the main text.

For J, with Zeeman effects, we substitute Eq. (37a) into Eq. (28b). To eliminate the 1/w, in the latter equation, we integrate
it by parts which gives

> X 2T _» d i H —1 2
T = Re/ ds Z e “w”—[e hac (e 2(sve/D) )e] (D15)
0

wy, ds
w, >0

Using the identity in Eq. (D3) and taking the derivative, this yields

00 . 0252
T = Re/ ds lntanh(TrTs)<< l; ] H) exp[ 2isit, T :|> . (D16)
0

Making change of variable § = w,s, and taking the real part of the above equation, we obtain Eq. (38b) of the main text.

4. Presentation for [7; with Landau-level summation

In this section we derive an alternative presentation for the function J; in which the summation over Landau levels is
preserved. This presentation is used, e.g., in Refs. [25,26,29]. As follows from Egs. (21) and (18), with finite spin splitting the
kernel eigenvalue is

2
| Li(§)Le(5)e
W _ @ 21 21
T pZ o

ST G Y PR PN (SR By | O PN (Zpmpreey ey
Using the result

L+
VAV

/ h dte > Lo(t)Ly(t) =

0
we can perform integration over the coordinate which yields

/ (40 +1 /
N | (f+£)!/(2. o' 1 | P,
m S ion = [0+ v+ 3) — ] Hion + [0 (€ = v+ 3) — ]}

Wy

The Matsubara-frequency sum of M can be computed using the relation 7' Zw lw—_ =—3 tanh * and we obtain
n—2<
c(E+ ;+;)7 (0 — z+*)* .
nT ZA” = wz (€ +¢)! tanh 2—L2F 4 tanh =52t
oA oL+ +1) =2,

This sum diverges at large £,¢" and has to be cut at w.(¢’ 4+ £) < 2. To obtain the converging function .7;, we have to subtract
the zero-field limit of this sum,

X = Hn
which yields
1y w. (0 —v. 1y
J 5 (€ + ) tanh VLT g eETv )T I/Qd tanh 3514
= c ; - - .x .
= vre g, 2T w06+ 0 +1)— 2 20y T

Introducing the new summation variable m = ¢ + ¢’ and making the variable change x = w.z/2 in the integral, we obtain

S Z%L Xn: tanh w“ﬂz—;é)—“h + tanh W—@;—VTH)—M 1 /29/@  tanh ZES T o8,
=@ 5 WA ——.
‘ m=0 =0 2m+2(m -l oc(m+ 1) — 2uy, 2 Jo T wez =2,
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Note that there is no divergence when the denominator
wc(m + 1) —2u;, approaches zero, because the nomina-

tor tanh eelbtytg) i + tanh wdm—t-yt )i also vanishes.
Splitting the integral into the sum of integrals over the intervals
m —+ % <z<m-+ %, after some rearrangements we arrive at
the presentation given by Eq. (39) of the main text, in which
J) is separated into the converging parts allowing us to take
the limit Q2 — oo.

The presentation (D18) can be used to derive the low-
temperature behavior of 7, for several interesting particular
cases. Without spin splitting and for p;, matching the Landau
level with the index £g, i, = w.(£y + 1/2), the main diverging
term at 7 — 0 in the sum in Eq. (D18) comes from m = 2¢
and € = £ giving J; = (w./8T)(2€0)!/[2%%(£y)?].

At finite y, such that 2y, is not integer, J; has only
logarithmic divergence for T — 0 identical to one in A(T).
In this case the function Jj(w,) at T — 0 has steps when the
Zeeman-shifted Landau levels cross the chemical potential at
We = Wegpx = /o £ y: + 1),

ATis = Ti(@ct,+ +0) — Tt (we 0,2 — 0)

o0

T2 L g lm — o) m — 2l £ 1)

m:lzo

where + (—) corresponds to the spin up (spin down) state. For
y. < 0.5 the largest term in this sum is at m = 2£,

I (20)!

4y, 2ty D19

AJi+ = F

meaning that J;(w,.) steps down (up) when w, crosses w ¢, +
(we,ey,—); see Figs. 2(b) and 2(c). At small y, the zero-
temperature value of 7 — A; is small when w, is located be-
tween the Zeeman-shifted Landau levels with opposite spins,
ln — (Lo + %)| < y,w,, reflecting strong pair breaking. It
jumps to large values approximately given by |AJ;+| when
iy, crosses these levels.

For the case in which 2y, equals integer j, and u, =
w(y + 15 + %), the function 71 (H,T) again diverges &< 1/T
at T — 0. The diverging term at m = 2{y+ j, and £ =
Lo is Ji = (w./8T)(28o + j.)!/[2*0FLo!(£o + j.)!]. In the
important particular case j, = 1 and £y = 0, we derived more
accurate asymptotics from Eq. (39),

We 20, YE

R 2

1
- =. D20
xT 2 8 (D20)
This result allows us to evaluate the transition temperature for
We = [p-

APPENDIX E: T, FOR PARTICULAR CASES

1. The lowest Landau level without spin splitting,
Y. =0and p; =20,

The T¢, for the lowest LL with zero spin splitting can
be derived analytically as follows. First, we calculate [J; at

PHYSICAL REVIEW B 95, 174503 (2017)

o, = 2uy. From Eq. (35), we have

W, 1 nT
~ 2 4o ,
Si=gr — Tty n(zw)

w, 1 < 7 Tc
n
2w,

(Ela)

A — T =

) +Yc.  (Elb)

For 7, in the limit T « T¢, we can expand Intanh(w T's) ~
Int + In(w Tes) in Eq. (29). This yields

1 272
jzzlnt+—ln< T ¢ )

2 evE pwt

(E2a)

1
A — T ~ > Inrc, (E2b)

where w{ = eH /m.c = (m;/m,)w. and

eYEmp uw,
rc = ——>—.
w2m, T2

Therefore, Eq. (30) in the limit of small temperatures becomes

o ey D (ZIe) D L1y ey 2y
Wi | 8T 2 2w, ¢ W)

Solving this equation for 7 = Té%), we obtain Eq. (45) in the
main text.

2. The case y, = 0.5 and u;, = o,

In this section we derive the value of the transition
() o >
temperature 7., for the free-electron spin splitting y, = 0.5
when the chemical potential is located at the coinciding spin-up
lowest LL and spin-down first LL, u;, = w.. Using the result
for J; for these parameters in Eq. (D20), we obtain

W, 1. nTc¢ 1
_ - Yo - E3
67 2" 2w, T3 (E3)

Al—jl:—

For the quasiclassical function [, Eq. (38b), the low-
temperature result in Eq. (E2b) has to be modified to account
for the finite spin splitting. In the typical case (w{/ /,L))/Zz <1
the paramagnetic effect influences weakly the quasiclassical
pairing kernel and can be taken into account perturbatively.
Expansion of Eq. (38b) with respect to y, gives Ja(y;) &
J2(0) — (w¢/ /L)yz2 meaning that we have to replace r¢ in
Eq. (E2b) with 7c =rc[l + 2(wf/ u)yzz]. Combining the
above results, we transform Eq. (30) to the form

Lo (e 1 aTe L IN](, e
_ i _ !
wu\16T " 2 2w, €Ty 2Wsy

=1.

Solution of this equation for T = T, gives Eq. (47).
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