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We investigate the response of a doped topological insulator Bi, Se; with spin-triplet nematic superconductiv-
ity to external magnetization. We calculate the Zeeman part of the magnetic susceptibility for nematic and chiral
superconducting phases near 7. in the Ginzburg-Landau formalism. The superconducting order parameter from
the E, representation has nontrivial coupling with the transversal Zeeman field that results in a paramagnetic
response to magnetization. The topology of a Fermi surface has a strong influence on magnetic susceptibility.
The Lifshitz transition from a closed to open Fermi surface eventually leads to a phase transition from the
nematic to chiral phase. At the transition point, magnetic susceptibility diverges. Also, we study the effects
of the electron-electron interaction on the competition between nematic and chiral phases. We find that in a
real system, electron-electron interaction can drive the nematic to chiral phase only in the vicinity of the phase
transition. We compare our results with the existing experimental data.
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I. INTRODUCTION

Several years ago topological superconductivity in the bulk
of the doped topological insulator (TT) A,Bi,Ses was discov-
ered [1-3]. Dopant atom A can be Cu [1-7], Sr [8-13], or
Nb [14-17]. The superconducting phase in these materials
shows C, rotational symmetry that breaks the C; symme-
try of the normal state. Such rotational symmetry breaking
was observed in measurements of specific heat [5], magnetic
resonance [16], the in-plane upper critical field [10,12], and
the vortex core form [6]. Observation of nuclear magnetic
resonance indicates the spin-triplet character of this supercon-
ductivity [7].

Such C; rotational symmetry is possible due to the real-
ization of the superconducting vector order parameter that
belongs to the E, representation of the crystalline Ds; point
group [18,19]. One possible solution within such a represen-
tation is a nematic order parameter that is a two-component
real vector n = n(cos@;sin@). The direction of this vector
is associated with the nematicity axis. The orientation of
the nematicity axis shows the direction of twofold symmetry
breaking [11,20]. The nematic order parameter brings sev-
eral interesting features such as vestigial nematic order [21],
surface Andreev bound states [22], the unconventional Higgs
mode [23], and quasiparticle interference [24,25].

Another possible solution for the order parameter is called
chiral and corresponds to the vector with an imaginary compo-
nent § o (1; £i). This order parameter spontaneously breaks
time-reversal symmetry, keeping rotational crystalline sym-
metry intact [26]. In Nb,Bi,Ses such spontaneous breaking
of the time-reversal symmetry was found [14]. A muon spin
rotational experiment showed time-reversal symmetry break-
ing in the Sry 1 BiySe; superconductor [13]. However, another
study on Nb,Bi,Se; showed the presence of time-reversal
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symmetry in the superconducting phase [15—17]. Theoretical
calculations predict the chiral phase is the ground state in
two-dimensional (2D) films of doped Bi,Se; [26,27], while in
a three-dimensional (3D) system with a closed Fermi surface,
the nematic phase has lower free energy than the chiral state
[28-30]. Experimentally, the Fermi surface of doped Bi,Se;
with superconductivity has the topology of an open cylinder
[31,32], which is an intermediate case between 2D and 3D
Fermi surfaces. This transition to the open Fermi surface leads
to the phase transition from the nematic to chiral phase [33].

Near the critical temperature, the physical properties of the
superconducting state are described by the Ginzburg-Landau
(GL) functional, which for the nematic superconductor was
obtained in Refs. [19,20]. One of the interesting features of
this functional is the coupling between the first power of
magnetization and the superconducting order parameter. Such
coupling can lead to the transition from the nematic to chiral
state with spontaneous magnetization [34]. It was predicted
that the transition from the nematic to chiral state occurs upon
doping by magnetic ions [28,29].

Magnetization measurements show the presence of the dia-
magnetic Meissner effect [17]. A muon spin rotational (uSR)
experiment can be used to determine local magnetic moments
in superconductors [35-38]. A recent SR experiment did not
find time-reversal breaking in superconducting Nbg »sBi,Se;
in the absence of magnetic field [17]. However, uSR shows
that the superconducting state has an additional paramagnetic
magnetization compared to the normal state in the magnetic
field. In this work, we show how nontrivial coupling between
magnetization and the nematic superconductivity can explain
such a paramagnetic response.

In this paper, we calculate the magnetic susceptibility of
the nematic superconductor near the critical temperature T..

©2021 American Physical Society
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We start with the microscopic derivation of the GL free energy
of the doped topological insulator with the open Fermi surface
and finite magnetization that is induced by the magnetic field
following the common procedure [20,28,29]. We solve GL
equations for the order parameter and find that the magnetic
field influences the form of the order parameter for the ground
state. We calculate the ground-state free energy as a function
of magnetic field. Using this free energy, we find that in both
nematic and chiral states a paramagnetic contribution to the
magnetic susceptibility exists in the system. We interpret this
phenomenon as a Pauli paramagnetism of spin-1 Cooper pairs
of the nematic superconductor. Such magnetic susceptibility
diverges near the transition from the nematic to the chiral
state. In addition, we show that coupling between magnetism
and superconductivity is rather weak and electron-electron
interaction cannot cause the phase transition between nematic
and chiral superconductivity.

This paper is organized as follows: in Sec. II we de-
scribe the normal and superconducting states in the presence
of an external Zeeman field and calculate GL coefficients.
Section III is dedicated to the Zeeman susceptibility of the
superconductor. In Sec. IV we consider the possibility of
the phase transition due to electron-electron interaction. We
discuss and summarize the obtained results in Sec. V.

II. MODEL

A. Normal phase

We describe bulk electrons in a doped topological insulator
in the BiySe; family by a low-energy k - p two-orbital Hamil-
tonian [39]:

I-?O(k) =—n+mo; + vzkzay + v(kxsy - kny)O'x, (nH

where w is the chemical potential, 2m is a single-electron
gap at the zero chemical potential, and Fermi velocities v
and v, describe motion in the (I'K;I'M) plane and along
the I'Z direction, respectively. Pauli matrices s; act in spin
space, while matrices o; act in the space of Bi and Se or-
bitals p = (P!, P?), where i = {x, y, z} and Planck’s constant
B = 1. The Hamiltonian (1) obeys time-reversal symmetry
THy )T~ = Hy(—k), where T =is,K, T?> = —1 is the
time-reversal operator and K provides complex conjugation.
Also, this Hamiltonian has inversion symmetry PHy(K)P =
Hy(—k), where P = o, and P? = 1 is the operator of the in-
version [39]. Angle-resolved photoemission spectroscopy and
measurements of Shubnikov—de Haas oscillations show that
the Fermi surface in doped Bi,Se; is open in the I'Z direction
[31,32]. An increase in the chemical potential by doping trans-
forms the closed ellipsoid Fermi surface of undoped samples
to a corrugated cylinder Fermi surface of doped samples. For
a high chemical potential, dispersion in the z direction disap-
pears, and the system becomes quasi-2D. We introduce a finite
length of the 001 lattice constant ¢ into the model. Momentum
is bounded by the Brillouin zone’s (BZ) size |k;| < 7 /c, or in
elliptical coordinates (vky, vky, v;k;) the polar angle stays in
the range 6 € [6y; m — 6y], where we define the cutoff angle

6y as follows:
TV,
. )

o/t — m?

cos(bp) = min(l,
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FIG. 1. Fermi surface before and after the Lifshitz transition in
dimensionless coordinates. The dashed blue line gives the bound-
aries of the first BZ (white background) and second BZ (yellow
background). (a) The gray curve gives the closed Fermi surface at
© = 1.2m. (b) The gray line gives the open Fermi surface at u =
1.4 m; the cutoff angle 6, is defined by Eq. (2). (c) The same Fermi
surface as in (a), where parts of the Fermi surface with |k;| < g/2
are highlighted by thick red lines. In these red sheets of the Fermi
surface, the electron-phonon coupling is the strongest; see Ref. [41]
for details.

In this model, the Fermi surface is closed at a low chemical
potential ©. When the chemical potential reaches a critical
value ppr = /m?v2/c? — m?, the Fermi surface reaches the
boundary of the first BZ and changes topology from ellipsoid
to open cylinder, that is, the Lifshitz transition (LT) [40]. We
show closed and open Fermi surfaces in Figs. 1(a) and 1(b),
respectively.

An experiment with inelastic neutron scattering [41]
showed the linewidth of phonon spectra has a singularity for
phonon momentum q oriented along the I'Z direction while
q — 0. The attraction between electrons with momenta k and
—k in the Cooper channel occurs only for electrons whose
k. components are close enough to each other. Thus, only
electrons with momentum |k,| < g/2 participate in supercon-
ducting pairing. This singular coupling can be modeled by
the Heaviside step function 6(g — 2k;), and the Fermi surface
where Cooper pairs can be formed is effectively cut off. This
new effective Fermi surface has the topology of an open
cylinder (see Fig. 1).

B. Superconducting phase

We describe superconductivity in the Nambu II basis,
where the wave function is

Wy = (Ph, —idisy)', )

where ¢ = (d1,1.k, Dy.1,k P12k $y.2.k) the symbol ¢ indi-
cates transpose, and the symbol { indicates the Hermitian
conjugate. Operator 4’?(1),0,1( annihilates (creates) electrons
with up (down) spin on the orbital o = P!, P> with mo-
mentum k. The superconducting order parameter from the
E, representation of the Ds; crystalline point group has the
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TABLE I. GL coefficients A, B, B,, g, and a for systems with different Fermi surfaces and different magnetic interactions. The second
column describes the 3D system with a closed FS. Coefficients in the quasi-2D system are shown in third column. The fourth column gives the
general case of an open FS. Coefficient j = %e”, where c¢ is the Euler-Mascheroni constant and ¢ is the Riemann zeta function.

GL
coefficient 6o = 0: closed FS 6y = m /2: cylindrical FS 0 < 6y < m/2: open FS
3 3
A u2—m? (T-T;) (2= )T —T,) 12 —m2 (T —T,)cos(bp)[7T+cos(20p)]
372 uTev2v; s ArepTpv? 24722p,vazuz
B 7¢(3)a/ n2—m? 21 (3)(u2—m?) 7¢(3) cos(p)a/ 2 —m? [427476 cos(260)+9 cos(46y)]
1 301147’[.2;1.3U2vz 1287‘[(.‘712)1,31}2 153607[271.2/131)21)7
5 5
B O T3 (P —m?) 72(3) cos(Bg)a/ 2 —m? [T1+188 cos(26)—3 cos(46))]
2 607{4T.2u.3v2v~ - I28ﬂc7}.2//,3v2 153607127}2/1311211:
 n2—m? 1 2 2 2 i  n2—m? cos(6p) 2 2
8f e [3m? ln(jwn)+2(m —uh)] ez X m™ (™ —p ) In(472)] ez X {m [3 — cos™(6o)
+31In(52)]
—u?[2 cos? Oy + 3 sin® 6, ln(j;’—LD)] }
22 [2—m? [ —m2 e
ma/ (1> —m ma/ (= —m ma/ > —m= cos(6y) 2 2
8a 672300, 2wcin T s x (m” cos~(6y)
2 ; 2 2 ;
X[Bu”In(jop/T.) + u” — m] —2[2— cos(26)+3 cos® 6y In(422 )]
12 —m22m2+u2) m2 A 12 —m2 cos(6)[5m>+p2+cos(260) (2 —m?)]
af'z - 1272020, - 4rviep - 2472020,
u2—m2(m+2u%) o A 12 =m? cos(6)[m2+5u2 —cos(26p ) (u2 —m?)]
da,z - 127202 v “amte - 24720201
a m m mcos(6p)
a.f 7'[2/J.U2vz Tep /M27m2U2 71'2;/.1121)z
following matrix structure [26]: We start from 32 = A and obtain the superconducting part
4
A . N . of the GL free energy [26] up to terms 7,
A =8¢0, (T + iTy) + 080, (T — iTy) gy p i
2 2 2 2\2
: * : E; =A , B ,
+ nysyo‘y(rx + lfy) + nysyo'y(-[x — lt)')' (4) Sc(nx’ 77y) (|r’X| + |77)| )+ 1(|r’X| + |77)| )

The superconducting term depends on two components
of vector order parameters 7, = nsin(a)e and 7, =
n cos(a)e'??, where ¢ = ¢ — ¢». Matrices T; acts in electron-
hole space. We assume that only the electrons in the Debye
window participate in the superconductivity —wp < €x < wp,
where € is the band’s dispersion of the Hamiltonian (1). This
order parameter violates inversion symmetry of the normal
state.

The Bogoliubov—de Gennes (BdG) Hamiltonian in the
Nambu II basis is [18]

Hpac(k) = T.Ho(k) + A. S)

We find the GL free energy from microscopic theory as
[20,28,29]

dk? -
F :FO—TZf mTr[ln(l - Go2)I, (©)

where Fp = -T Y, [ & e Tr[ln(G )]s the free energy of a

normal state and 3 is the self-energy. The matrix Gy = (iw —
Hpy)~! is the Matsubara Green’s function in the Nambu II ba-
sis, and the fermionic Matsubara frequency w = 2n + 1)z T,
where 7 is an integer. We take the trace Tr[-] over spin, orbital,
and electron-hole degrees of freedom. Then we expand the
logarithm from Eq. (6) into a Taylor series In(1 — Gy) =
-y, ==L (GUE) in powers of the perturbation ¥ and combine the
terms of the series in powers of order parameters. The calcu-
lated GL coefficients are given in Table I. Similar calculations
were provided in Refs. [26,28,29].

+Balniny — nen ©)

The coefficient A o« (T — T;.) changes sign from positive to
negative under cooling from a temperature above T, to a
temperature under 7, inducing the superconducting phase
transition [26].

In the chiral phase expression [nyn, — n.ny| = n?, while
in the nematic phase this expression is zero. Thus, the free
energy of the chiral phase has an additional term, B,n*. There-
fore, in the system with positive B, > 0, the nematic phase is
the ground state, while negative B, < 0 promotes the chiral
phase. The sum of coefficients B; + B, is always positive.
Direct calculations using the model with an infinite Brillouin
zone and the Hamiltonian (1) show B, > 0 in the 3D system
[28] and B, < 0 in the 2D case [27].

In the absence of magnetism, the nematic phase has a
two-component vector order parameter with real components
n = n(cosa;sinw). In the chiral phase the order parameter
is a two-component vector again, with one real component
and one purely imaginary component § = %(1; =+i), which
breaks time-reversal symmetry.

We calculate coefficient B, for an arbitrary lattice constant
¢ in a model with a finite BZ. The results are given in Table I.
The coefficient B, is plotted as a function of the Fermi energy
w in Fig. 2 for models with finite and infinite BZs. The Fermi
surface is closed at low chemical potential even when the BZ
is finite and both models are the same. In the model with
an infinite BZ, coefficient B, > 0 grows with an increase in
Fermi energy. Thus, the nematic order parameter has lower
energy than the chiral one. The Lifshitz transition occurs at
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FIG. 2. GL coefficient B,(w) in units of B, at the Lifshitz
transition point vs the dimensionless chemical potential p/m. The
solid red curve corresponds to B, calculated in a model with a finite
BZ. The dashed red curve corresponds to B, calculated in the model
with an infinite BZ. The dashed gray horizontal line corresponds to
B, = 0. The vertical dashed blue line shows the transition between
the nematic phase with B, > 0 and the chiral phase with B, < 0.

Uir = ”sz : + m? in the model with a finite BZ and leads to

a decrease in B;. This coefficient reaches zero at the point

. v2r? )
Y B —- 8
= eos@)) ®

where the angle 6 ~ 0.985 does not depend on any param-
eters. The critical chemical potential u* indicates the phase
transition between the nematic and chiral superconductivities.
In all numerical calculations we set superconducting critical
temperature 7, = 107 3m, in-plane velocity v = 1/3mc, and
I'Z velocity v, = %v. This choice of parameters is based on
the values m ~ 0.3 eV, v & 3eV A, and v, & 2eV A, which
are taken from Ref. [39]; T. ~ 3 K was measured in Ref. [17],
and the lattice constant ¢ = 30 A (the experimental value is
¢ = 28.64A [42]).

C. Coupling between the magnetism and superconductivity

In the presence of transversal magnetic field electrons in
doped Bi,Se; experience orbital-dependent Zeeman magneti-
zation. We decompose this magnetization into ferromagnetic
(FM) and antiferromagnetic (AFM), with corresponding
Landé factors By and B, (see Ref. [39]) and write it down as

N

2m = upBrHs; + upBaHs; 0. 9

Magnetization order with the spin-orbital structure 5,04, with
o, B =1{0,x,y,z}, that is different from Eq. (9) does not
couple with superconductivity in the lowest order of GL
expansion. Thus, we focus on the these two magnetic pertur-
bations that couple with the superconductivity in the lowest
order.

We calculate the free energy via Eq. (6), where the pertur-
bation is £ = ¥, + A. We expand In(1 — Gof)) in powers
of H and 5 up to O(¥?). The free energy receives additional

15 T T T T T T T T
L IT e
1T1] S NS
S U
gx67r2v2vz | e
m
0 ______________________________________________
| AFM; Infinite BZ
—— AFM; Finite BZ
=5 -~ FM; Infinite BZ
I —— FM; Finite BZ
-10 N 1 N 1 N 1 N 1 N
1.2 1.4 u/m 1.6 1.8 2.0
FIG. 3. GL coefficients g;(u) and g,() in units of # versus

the dimensionless chemical potential /m. Red curves correspond to
ferromagnetic coupling g¢, while blue curves correspond to antifer-
romagnetic coupling g,. Solid lines correspond to calculations in a
model with a finite BZ. Dashed curves correspond to calculations in
a model with an infinite BZ. The dashed gray line indicates the zero
level. The green circles mark the Lifshitz transition.

terms [28,29],

Fy(H, 0, y) = —2igap et (niny — namy)
+ ag (1B H)?, (10)

Fou(H) = anBrBaiizH’, Y

where o = {f, a} refers to FM or AFM terms. Constants
ar, aq, and a,, describe the response of the normal state to
a transverse magnetization (see Table I). We combine terms
o« H? into one effective term, aeff[L%H 2={(a fﬂ_}% + aaﬁg +
amﬂfﬂa)M%HZ-

Coefficients gy and g, describe the coupling between
the magnetism and superconductivity. Note that in-plane
magnetization does not produce such terms. We calculate
these coefficients in models with finite and infinite BZs (see
Fig. 3). The ferromagnetic coefficient g; changes sign with
the increase of the chemical potential, while the antiferro-
magnetic coefficient g, is always positive. According to the
expression for g at the arbitrary geometry of the Fermi sur-
face given in Table I, it changes to gy = 0 if cos®(6;*) =

3(n(jw/T)(m*—u?)+m? . . .
_(3';1({’;;/(1.2)(/"}) 5 M)z - ). At this point coupling between the su-

perconductivity and FM perturbation disappears. The total
coupling between the Zeeman field and superconductivity is
described by the effective coefficient gt = Brgr + Baga- We
plot gerr(w) in Fig. 4. The coefficient g.¢ is negative at low
chemical potential since both FM and AFM Landé factors
are negative. Then g.¢ changes sign from negative to positive
at some value of the Fermi energy. The zero point of ges
occurs at a higher chemical potential than the zero point of
gr in the model with an open FS. In numerical calculations
we set Landé€ factors 8y = —5.3 and B, = —7.4, which were
calculated in Ref. [39].

III. MAGNETIC SUSCEPTIBILITY

The response of the superconductor to a magnetic field can
be decomposed into a response to the orbital and Zeeman
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FIG. 4. Effective coupling between superconductivity and Zee-
man field ges(@) in units of an”‘ﬁ versus the dimensionless
chemical potential p/m. The solid red curve gives g calculated in
a model with a finite BZ, while the dashed red curve corresponds to
calculations in a model with an infinite BZ. The dashed gray curve
indicates the zero level. The green circle marks Lifshitz’s transition.

parts of the magnetic field. The orbital part induces Meissner
currents and dominates the overall response. The Zeeman part
occurs due to a change in the order parameter in the case of
finite magnetization. In this paper, we focus only on the sec-
ond term. The total GL free energy of the E, superconductor
in the Zeeman field is

F(H, 0y, 1y) = Fe(ny, 0y) = 2igeseitpH (010, =127y
+ e pupH’. (12)

The free energy depends on the value of the complex value
components of the order parameter 7, and 7, as well as on
the external magnetic field H. We minimize the free energy
(12) as a function of » and find the equilibrium free energy
in the given Zeeman field H. The exact expression for the
equilibrium free energy depends on the sign of the B, co-
efficient. We start with the nematic case B, > 0. Finite H
breaks the time-reversal symmetry, and for the ground state
sin(2a) sin(¢) o< H becomes nonzero; however, we still name
this phase nematic [34]. In this case, the free energy is written

as
A? SeHY (&
Fn?m H — . 2H2_ eff 1_ eff 13
min (1) B, +acit /g —‘Bz Boder, 13)

The first term gives the free energy of the nematic phase in
zero field. The second term describes the diamagnetism of
the normal state. The third term appears due to the coupling
between the nematic superconductivity and Zeeman field
and describes the superconducting Pauli paramagnetism. We

& T2\ . . .
set (1 — rﬂ‘iff) ~(1— P) >~ 1 since coupling ges is small

enough. This approximation is valid everywhere except the
small neighborhood of the point B, = 0. Note that the fac-

tor (1 — Biﬂf-) is always positive in Eq. (13). Otherwise, the
phase transition from the nematic to chiral phase occurs, and
Eq. (13) becomes invalid [34].

The Zeeman part of the magnetic susceptibility is

I’ Faem (H) 2 28
Xns = YT —2acipy + B—Z (14)

7 T
10 — Finite BZ
105} - - Infinite BZ |

10°1 nematic<«——-chiral

Ax/Axrt
0.1+

07T

1077

1.2 1.4 w/m 1.6 1.8

FIG. 5. Jump of the Zeeman susceptibility between supercon-
ducting and normal phases Ax/ = xus — Xulg,—0 normalized by its
value A XLfT = Ay (urr) at the Lifshitz transition point as a function
of the dimensionless chemical potential x/m in the model with only
one Landé factor 8y = —5.3. The red solid curve corresponds to a
finite BZ. The red dashed curve corresponds to an infinite BZ. The
green circle indicates the Lifshitz transition. The vertical blue dashed
line shows the transition between the nematic and chiral phases.

Here the first term corresponds to the Zeeman susceptibility
of the normal phase, and the second term arises due to the
coupling between the nematic superconductivity and mag-
netism. The Zeeman susceptibility has a jump under the phase
transition between the normal and nematic superconducting
phases,
2

Xns — Xn = %ZB > 0. (15)
This jump is relatively small compared to the Pauli para-
magnetism of the normal phase y, with a small parameter
(an - Xn)/Xn = g%ff/(4BZQeff) ~ (E/M)Z However, this ad-
ditional paramagnetism is enhanced close to the area B, = 0,
where the phase transition between the nematic and chiral
phases occurs.

Now we minimize the free energy (12) as a function of 7,
and 7, for B < 0. In this case the order parameter chiral and
free energy is
Fch (H): —A2 AgeffH . g?:fsz
m 4(B1+By) B1+B, B +B;

+acipupH®  (16)

The jump in susceptibility between the chiral superconducting
and normal phases is

Serr M3
Xes — Xn = 4By, + By) >0, (17)
which has no singularities, in contrast to x,s, since
B 1+ Bz > 0.

We calculate the Zeeman susceptibility as a function of the
Fermi energy. We consider two different cases when the Zee-
man field appears: (i) only in the FM channel with g = —5.3
and g, = 0 (see Fig. 5) and (ii) in both the FM and AFM
channels with g = —5.3 and g, = —7.4 (see Fig. 6). We see
that the inclusion of the AFM response in the magnetic field
significantly changes the magnetic susceptibility.

In the model with a finite BZ, the Lifshitz transition occurs
at urr ~ 1.25. Both susceptibilities A/ and Ax°" diverge

214514-5



D. A. KHOKHLOV AND R. S. AKZYANOV

PHYSICAL REVIEW B 104, 214514 (2021)

7 T
105 —— Finite BZ
10°p - -~ Infinite BZ

10°} nematic<+4—-chiral

AxIAxET
0.1f

10 LT

1077

1.2 14 ym 16 1.8

FIG. 6. Jump of the Zeeman susceptibility between supercon-
ducting and normal phases Ax°T = y,, — x, in units of its value
AxST = Ax/(urr) at the Lifshitz transition point as a function of the
dimensionless chemical potential x/m in the model with both Landé
factors By = —5.3 and B, = —7.4. The red solid curve corresponds
to a finite BZ. The red dashed curve corresponds to an infinite BZ.
The green circle indicates the Lifshitz transition. The vertical blue
dashed line shows the transition between the nematic and chiral

phases.

at u ~ 1.6, where B, changes sign and the phase transition
from the nematic to chiral phase occurs. These values of
the chemical potential depend on the lattice constant c. We
consider only ¢ = 30 A for the bulk sample. An increase in
the lattice constant c¢ shifts both the Lifshitz transition and the
divergence point of the susceptibility to the area where the
chemical potential is low.

We also consider a limiting case with v,k. — 0. Dispersion
along Oz becomes negligible, and the system is a quasi-2D
system. We take this limit for each GL coefficient and find
these coefficients are finite; see the third column of Table I.
We use low-energy k - p expansion of the Hamiltonian. Dis-
persion along Oz can be described by only the linear term even
at high energy with enough accuracy. For more details, see the
comparison between the linear model and density functional
theory calculations in Fig. 4(b) of Ref. [39].

Susceptibility Ax/ vanishes in the nematic phase at the
point i &~ 1.42, while A x° vanishes in the chiral phase at the
point ;& =~ 1.68. This disappearance of susceptibilities occurs
at points where g, and gs+ reach a zero value (see Figs. 5 and
6). The model with an infinite BZ system always stays in the
nematic phase. Thus, no divergence in susceptibility occurs.

A superconductor with E, pairing has a triplet structure;
that is, Cooper pairs have spin equal to 1 [19]. It can be seen if
we write down the order parameter using the second quantiza-
tion form Nx X C14C24 + C11C2) and Ny X i(ClTCZT — C1¢C2l),
where c;; is the operator of the annihilation of the electron
on the ith orbital with the spin projection s. We can see that
the order parameter represents two Cooper pairs with opposite
spins 1. Each Cooper pair couples electrons with the same
spin on different orbitals. In the presence of the magnetic field
the numbers of spin up and spin down Cooper pairs are not
equal. Such a spin imbalance influences the form of the order
parameter that defines the response to the magnetic field.

The spin density of the system is expressed through
a full Green’s function as S, = —-T ) f Gy K Tr(Gs.].

expand the superconducting Green’s function G ~ Gy +
GoAGy + GyAGyAG, in powers of the superconducting or-
der parameter (4) that gives us S, = —2igefr (1ny1y — M7y) X
sin(2a) sin(@) o« nyinyy — ny1n», where ng, = q) ¢so 18 the
density of electrons from orbital o with spin s [19]. We see
that the parameter sin(2«) sin(¢) is responsible for the spin
imbalance of Cooper pairs. When the order parameter is real,
angle ¢ = 0, the spin density is zero, and the numbers of
spin up and spin down Cooper pairs are equal. Turning on
the Zeeman field makes the product sin(2«) sin(¢) ~ H, and

the spin density that arises due to the imbalance between

é’%rrl’-BH
232

K gff(,uBH /)(T./)?*. Such a spin imbalance decreases the
energy of the system in a magnetic field similar to the Pauli
paramagnetism of the electrons. Thus, we refer to this effect
as Pauli paramagnetism of Cooper pairs.

The average spin density of Cooper pairs in the chiral phase
is S, = gerr) ~ Agerr/(B1 + B2) ~ BereST (T.k; /1u?). There-
fore, the chiral phase has nonzero magnetization even in the
absence of magnetic field. For comparison, the spin density of
(i) normal-phase Bi,Se; and (ii) a fully spin polarized metal
in the Zeeman field H are of the order of (i) k3 BefritpH /14
and (ii) k3, respectively. The density of Cooper pairs in the
chiral phase increases in the presence of the Zeeman field n =

~

spin up and spin down Cooper pairs becomes S, =

A+2lgerH| . : : SeritsH
3B, 1By - Thus, the spin density receives the term 1B 1B

and the sample receives extra polarization proportional to
the Zeeman field H. Therefore, the chiral phase has Zeeman
susceptibility despite been fully spin polarized.

IV. PHASE TRANSITION UNDER ELECTRON-ELECTRON
REPULSION

Coupling between the magnetic and superconducting or-
der parameters can lead to the emergence of a ferromagnetic
or antiferromagnetic phase in the superconducting state. We
consider the effects of direct and exchange pointlike electron-
electron repulsions. We treat this interaction in the mean-field
approach. Only FM and AFM order parameters with spin-
orbital structure proportional to s, and s,0, couple with the E,,
superconductivity. These order parameters are M, = (ny) —
(ny) and L, = (nq4.1) + (ny2) — (ny2) — (n},1), respectively.
They appear due to direct interaction. Exchange interaction
does not stimulate these order parameters. Here ny, is the
local density of electrons with spin s from orbital . Both
order parameters enter the free energy in the same way as the
Zeeman field (10), where factors ppH B (4 should be replaced
by VM, (L;). Coefficients gy, and a,, do not change, while
the coefficient ary — ar@y.e = ar@ + 1/Vy@) (see Table I).

Let us consider the system above the superconducting
critical temperature 7;. In the presence of only FM electron-
electron repulsion, the system stays in the ferromagnetic phase
when ay, < 0 and in the paramagnetic phase when as, > 0.
When both FM and AFM orderings are allowed, one more
parameter, 4ay .a, . — a;,, appears. The negative value of the
expression even when both as, > 0 and a,, > 0 means both
the FM and AFM order parameters exist. Otherwise, the or-
der parameters M, and L, are zero. We present a magnetic
phase diagram in the absence of superconductivity in this
simple model in Fig. 7. The three curves in Fig. 7 give three
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FIG. 7. Phase diagram of the normal phase in coordinates
(”‘% %) for different values of the chemical potential, w/m =
1.2, 1.4, 1.6. For any level of p, magnetic ordering appears above
a phase boundary, while below the boundary the system is non-
magnetic. Note that the parameter mc® ~ 8 x 10°eV A. Red points
indicate values of interaction constants V; and V, that are used in

Fig. 8.

phase diagrams at different levels of the chemical potential,
w/m = 1.2, 1.4, 1.6. Each line separates the magnetic (above)
and nonmagnetic (below) phases. In all experiments with su-
perconductivity in the bulk of doped Bi,Ses, no spontaneous
magnetism above T, was observed. Further, we focus on val-
ues of V; and V,, which give a paramagnetic phase above T..
The coupling between the magnetic order parameter and
superconductivity can induce the phase transition from the
nematic to chiral phase even under B, > 0. Particularly,

when V, = 0, the phase transition occurs when afszz

Ref. [34]). Direct calculations show this fraction has order
(T/)* <« 1. While both FM and AFM order parameters ex-
ist, we find a generalized condition on the phase transition
between the nematic and chiral states,

> 1 (see

_ aa,eg?f — am8f8a + af,eg%l

1. 18
(4af;eaa,e — ai)Bz g (18)

The above inequality is similar to the Stoner criterion [43].

We calculate the parameter A as a function of the chemical
potential  in Fig. 8. Different curves show the behavior of
A(w) at different electron-electron repulsion constants V,, and
V. Even at a high value of the repulsion constants, the gener-
alized condition (18) is met only in the narrow neighborhood
of the point B, = 0. Parameter A ~ 1 only in a narrow range
of chemical potentials even when magnetic electron-electron
interaction is strong and the system is close to the magnetic
phase transition.

Condition (18) can be met only via fine-tuning of the chem-
ical potential p and the position of the system in the phase
diagram in Fig. 7. (i) The system should stay close to the ap-

10% - -
V;=0.1mc2, V,=0.8mc |
Vi =0.5mc®, V,=0.3mc®
Vr=mc3, V,=0.1mc?
Y — Ve=02mek Vos0Ime® e J_
A

1072t =

1074}

1.2 u/m 14 1.6

FIG. 8. Parameter A from Eq. (18) as a function of the di-
mensionless chemical potential w/m. The dashed black curve
indicates level A = 1, where the phase transition from the nematic
to chiral phase occurs. Blue, red, and green curves are plotted
at different electron-electron repulsion constants from FM V; =
{0.1;0.5;1;0.2}mc> and AFM V, = {0.8;0.3;0.1; 0.2}mc> channels.

pearance of the magnetic order parameters even above critical
temperature 7, and (ii) coefficient B, should be close to zero
(stay close to the phase transition between the nematic and
chiral phases). Only when these two conditions are met can
we expect electron-electron interaction to stimulate the phase
transition between the nematic and chiral phases. The needs of
such fine tuning impose strong conditions on electron-electron
interactions Vy and V, as well as at the chemical potential .
Therefore, the emergence of the chiral phase from the nematic
phase under electron-electron interaction in the absence of
magnetic ordering in the normal phase seems unlikely.

V. DISCUSSION

Recently, a superconducting powder of Nby,5BiSes; was
investigated in a ©SR experiment [17]. The authors measured
the magnetization of a sample at different temperatures in the
external magnetic field. In contrast to a previous experiment
[14], there the authors found the system has time-reversal
symmetry in the absence of a magnetic field. In their Fig. 3(b),
the authors of Ref. [17] showed the temperature dependence
of magnetization in the superconducting phase counted from
magnetization in the normal phase at 7 = 5 K (above T,).
Surprisingly, the magnetic moment of the superconducting
phase is higher than in the normal one, which indicates
the appearance of an additional paramagnetism associated
with superconductivity. We claim that Pauli paramagnetism
of triplet Cooper pairs is observed in this experiment. Note
that measurements of the magnetic susceptibility of the large
monocrystal Nbg,sBi;Se; using a superconducting quantum
interference device show a strong diamagnetic response that
is expected in superconductors [17].

Typically, superconductors in low magnetic fields demon-
strate diamagnetism due to the Meissner effect, which occurs
due to the response to an orbital part of a magnetic field
[44,45]. In this paper, we focus on the coupling between spin
and magnetization and do not take into account Meissner
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currents since they were calculated in previous works. Due to
rather weak coupling between magnetization and supercon-
ductivity, we expect that the diamagnetic susceptibility from
the Meissner effect will dominate paramagnetic susceptibility
for large samples. However, in a few regimes, the paramag-
netic part of the magnetic susceptibility can dominate. The
first regime is realized for a thin superconducting film of
thickness d < A, where A ~ 10* A is the penetration depth
[17]. The film is thin along the Ox or Oy axis, and a magnetic
field is applied along Oz. We estimate diamagnetic Meissner
susceptibility via the formula for an s-wave superconductor

X = —ﬁ. The thickness of the film d shouldo be a least
higher than the in-plane lattice constant a = 4.14 A [46], and
the factor (d/1)? can be of the order of 107, Such geometry
was used to find the Clogston limit [47,48]. Recent studies
demonstrated the possibility of growing high-index films of
Bi,Ses [49,50]. An in-plane field for such a film has a nonzero
z component, which makes it possible to observe the Pauli
paramagnetism of Cooper pairs.

The second possible regime is to investigate a 3D sam-
ple in a high magnetic field H ~ H,. We again estimate
its Meissner diamagnetic susceptibility via the formula for
an s-wave superconductor x = —111627;5 [51,52], where the
GL constant k = A/& ~ 50 in doped Bi,Se; [6,17]. In this
scenario, a superconducting fraction of a sample is propor-
tional to H,» — H, and thus, the paramagnetic susceptibility is
suppressed by the same factor, while Meissner diamagnetism
is suppressed much more strongly. Note that surface supercon-
ductivity appears here. It possibly brings another contribution
to the paramagnetism [53].

The third way is based on the presence of a spin imbal-
ance of the Coopers pair in the Zeeman field. The fraction
of imbalance is of the order of (BeupH)/p ~ 1073-1072
(see Sec. III). Therefore, we expect that the supercurrent in
such a system is partially spin polarized. Although similar
experiments were conducted recently, the topic needs deeper
investigation [54].

Magnetism can induce a phase transition between ne-
matic and chiral superconductivity [28,29]. We investigate
this phase transition, assuming magnetism appears because
of pointlike electron-electron repulsion. The interaction part
of the Hamiltonian consists of all four possible ¢ opera-
tors, where two operators are creation and the other two are
annihilation. Some of these four describe the direct interac-
tion, while the others describe the exchange interaction. We
take into account both types of interaction in the mean-field
approach. Only order parameters M, and L, couple with su-
perconductivity in the lowest order of GL expansion. Thus,
we focus on these terms. Direct calculations show the ex-
change interaction does not contribute to both the M, and
L, order parameters. We find the general condition of the
phase transition (18). Since coupling between magnetism and
superconductivity is small, this condition is met only when the
system stays close to the magnetic phase transition above 7,
and close to phase transition between the nematic and chiral
phases below T, simultaneously. Such requirements impose
strong conditions on the electron-electron repulsion constants
V¢ and V, as well as on the chemical potential ;.. We conclude

that in the considered model the electron-electron repulsion
is unlikely to induce the phase transition from the nematic to
chiral phase. The result of our calculations in the toy model
within the mean-field approximation shows the phase transi-
tion is suppressed by weak coupling of the superconductivity
and magnetism. The role of electron-electron repulsion can be
interesting in the context of samples with magnetic ordering
above T.. In such a scenario more accurate calculations are
required.

We introduce the finite lattice constant ¢ to our model.
Thus, the topology and shape of the Fermi surface can be con-
trolled by the chemical potential i (see Fig. 1). We show the
coefficient B,(w) in Fig. 2 and find that B, changes sign from
positive to negative at the critical chemical potential (8). Thus,
one can induce a phase transition from the nematic to chiral
phase via an increase of the chemical potential. Although the
limiting case of the system with the pure cylindrical Fermi
surface coincides with a single-layer film, our model does not
describe an arbitrary several-layer film. A superconducting
thin film of doped Bi,Se; was theoretically investigated in
Ref. [28]. The authors predicted the appearance of chiral
superconductivity in a single-layer film that coincides with
our results.

The lattice constant ¢ also affects the shape of the Fermi
surface and the sign of B, since it appears in Eq. (8). The
hopping integral depends on ¢, and thus, the Fermi velocity
v, =tc. A common way to change a lattice constant is to
apply hydraulic pressure to the sample. This pressure acts
spherically and changes all lattice constants, Fermi veloci-
ties v and v,, and the chemical potential. Moreover, strong
pressure causes a structural transition that can destroy the E,
nematic superconductivity [55,56].

In Ref. [32] the evolution of the Fermi surface of Bi,Se;
upon doping was investigated. the authors showed that doping
increases carrier density, which leads to the transformation of
a closed Fermi surface to open. This transformation coincides
with the emergence of the superconductivity and occurs at
a carrier density of 2 x 10! < n < 10* cm™3. According to
Ref. [31], the Lifshitz transition occurs at carrier density n =
5 x 10! cm™3. In Ref. [4] the authors investigated excessive
Cu doping in Bi,Se;. They obtained several samples with
Cu concentration in the range 0.28 < x < 0.54. According
to Knight shift measurements, the carrier density at x > 0.37
strongly increases, which perhaps turns the system to the
chiral phase. Thus, the realization of the chiral superconduc-
tivity in overdoped samples is possible in such samples. Since
doping is nonuniform in general, the macroscopic parts of the
superconductor can be in the vicinity of the nematic to chiral
phase transitions. Since paramagnetic susceptibility diverges
near the transition, such parts can provide a substantial con-
tribution to the susceptibility, which can be used to track the
phase transition.
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