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3D noncentrosymmetric superconductors

o) LisPt;B (2K), LizPdsB (8K), MosAl>C (10K)
Ta TisRe24 (6.6K), Y2Cs (17K), TLasS4 (8K)

T LaRhSi (4K), LalrSi (2K)

Cu CePt;Si (0.5K), CeRhSis (1K), CelrSis (1.5K)
C. La;B2Cs (7K)

Cov MoN (15K), GaN (6K)

Dsn MoC (9K), NbSe (6K), ZrPuP (13K)

Cs. MoS, (1K)

C. Ulr (0.1K)

PI)

inversion I
D

(from E. Bauer et al, PRL 92, 027003 (2004))
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2D noncentrosymmetric superconductors

Insulator/insulator interface: f ::
LaAlO5/SrTiOs (LAO/STO) . u’m‘
LaTiO3/SrTiO3 (LTO/STO) - Lac"z,z": )
Metal/insulator interface: ' wow,
LSCO/LCO - La,4801.010,
Doped insulator surface: : t:;z
STO, WO; M, wpe
Typically: T. <1K s e
FeSe single layers on doped STO fize 3 La12S0.Cu0,
substrate: 7.=109K SUBSTRATE

(from J. Pereiro et al, Phys. Express 1, 208 (2011))
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Electron bands

No inversion + SO coupling — nondegenerate, topologically nontrivial bands

Time-reversal K (K = i62K))

and inversion I: ]
|k), KI|k) belong to k

K|k),I|k) belong to —k

bands twofold degenerate at all k&

Time-reversal K, no inversion:
|k) belongs to k
K|k) belongs to —k
bands nondegenerate at (almost) all &
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Spin-orbit coupling

p’ h .
4 U(r) + 5 6 VU(r) X p]J

Electron-lattice SO coupling: Hy = o

Noninteracting electrons:

Ho = Z Z en(k)0uvbap +iAuw(k)das + B (k)oaﬁ]&;;:uadk’/ﬂ

k,pv
s «, /B :T’ \L I —symmetric I —asymmetric

pseudospin -J

A (k) = —Avu(k) = —Au (k)
By (—k) = Buu(k) = =By (k)
+ additional constraints due to point-group symmetry

If B,.(k) #0 = nondegenerate Bloch bands &, (k) = &.(—k)
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Spin-orbit coupling

TR invariant points: — K = K + G J

K K
2D square lattice (spacing = d) A
N G G Gi1+Gsy 62/2
{Kz}—{o 9 9 T} KG1/2 =K
o 2 g
G1 = Fﬂ’x, G2 = Fﬂ.y
By (K) = =B (-K)=-Buw(K +G)=-B.,(K) =0, A.(K)=0

- A
‘ A su %
Bloch bands &, (k) remain W' '\,,;_- 0
pairwise degenerate . ‘/ ‘
at the TRI points R )

VN
3 o‘
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Minimal model of SO coupling

Generalized Rashba model: Ho = Y [eo(k)das + (k)ous Jak,aks J
k,af=1,1

antisymmetric SO coupling, Boo(k) = v(k) = —v(—k) )

Two Bloch bands: &, (k) = e(k) + A|v(k)| (band index A = + — helicity)

—

The original Rashba model:
v(k) = alkyd — ku5)
Ex(k) = e(k) + |al\/kZ + K
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Minimal model of SO coupling

At TRI points: v(K) =0

Isolated band degeneracies = Weyl points = Berry “monopoles”

Example: 2D square lattice with v (k) = ~o(Z sin kyd — § sin k. d)

G Gy Gi+G it A 2

- fo 9. @ G20 ;z.;sr& ;
9 9 /!

G, = %Z’I\,‘,GQ = Fﬂ—g '4“ ”l‘
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Symmetry of the SO coupling

Point-group symmetry: gv(g~'k) = ~v(k) (g - lattice rotation or reflection)

21 point groups in 3D

~3p (k)

(0]
c4’v
Tq

10 point groups in 2D

a(ked + kyi) + k=2)
a1 (kyd — ko9) + dao(ky — k* k.2
alks (ky — k2)& + ky (k2 — k2)§ + k= (k3 — k3)Z]

C.
C.

Y2p (k)

(arks + azky)® + (asks + asky)y + (asks + acky)Z
(alkz + az/ﬂ ):i‘ + (agkm + a4ky)g}

(arks + azky)E + (—azks + arky)j + (k5 + 0"k )2
(alk +a2k )Zﬁ-ﬁ-( asky +a1k )Q

(a1k +a2k) +( asks +a1k )g]

a1kyT 4+ a2k.y + azk.Z

a1ky® + azk.y
a1(ky& — ko@) + az (ki + k2)2
<+ oxide interface SC
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Electron band structure

band 61-hole 63-hole 65-clectron
; B

Band structure of
CePtgsiZ

SO band splitting:

CePt38| Fso ~ 200 meV

Li,PdsB:  Eso ~ 30 meV Eso > SC energy scales )
Li2Pt;B: Eso ~ 200 meV

LAO/STO:  Eso ~ 1..10 meV
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Bloch band topology in 3D

Berry curvature of the Bloch wave functions:

. [ O(k,n| O|k,n) O{k,n|d|k,n)
n,ij = - — €45 nk (K
Fnig () =1 < ok; ok, ok; Ok eisk Bri(k)
Berry field
First Chern number of the FS: Ch,, = % B.(k)-dS = Berry flux
FSp

Example: in the two-band model B, = —ie”w (67 87)

Oki Ok

Isolated TRI point K; = Berry monopole: VB = 47TQ)\53(k—Ki)J

1 N 8’4/ 8"‘/ dSk 1 871
=—-5 i =—= t
@ 2/(,61’” (81@- Bk, ) g goende ’akm _—
Fermi-surface Chern number = 2x(total monopole charge inside the FS)
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Bloch band topology in 3D. Semiclassical electron dynamics

{ri,r;} = hFxi;

€
Modified Poisson brackets {ri, P} = dij + — > FrinFr;
(quantum corrections O(h)) e ¥ en 2
{2y, 125} = _ZF” —h (E) %:FikFA,lelj

Classical band Hamiltonian:

Ha(r, P) = e(P) + Ag(P)| — e¢(r) — m(P)B

Magnetic moment:  ma(P) = —Aumg(P) + A %\g(PHBA(P)

N———
O(Eso/€F)
Semiclassical equations of motion:
dr  OHax dP dP edr
%P hdt x By (P), i eE(r) o x B(r)

anomalous velocity
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Bloch band topology in 3D. Semiclassical electron dynamics

Semiclassical orbit I'» (¢, Pp):
. . . P.
intersection of ¢(P) + A|g(P)| =¢ with —— = Ps

Lifshitz-Onsager quantization condition:

. 2reH 1 o740
area of the orbit  Sx (e, Pp) = “°< <n+2 M)

he 2

corrections due to
the “Zeeman” deformation of Iy
and the Berry phase around T"»

dHvA frequencies F) = %Sﬁ” are changed by the quantum corrections
™
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Bloch band topology in 2D: Z, invariant

Time-reversed Bloch states:
[tn(R)| =1, tn(k) = —tn(—k) J

Maps k — t,, (k) are classified by the topological invariant

D, = ,i {% an} mod 2, an = —idInt,
27 [ JauBz)

invariant under |k, n) — ¢“»® |k, n), a, (k) = an(k) — d[0n (k) + 0, (k)]

< .
K, K, T8
v A s ,,w'lx\
K, K, '51
HBZ
........ T
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Bloch band topology in 2D: Z, invariant

1 NtR1/2
Focus on the TRl points: D, = —— ( > 7{ an> mod 2

=1

The band structure near K; is described by the generalized Rashba model:
4 =~/ly| = (sinacos B,sinasin B, cosa) = tr(k) = Ae PP

NrRr1/2
Dnz |: Z NB(KZ)] m0d2 J
=1

Winding number: N3 (K;) = %7{ dg ==+1

i

even Nrgri/2 = D, =0 (square lattice, point group D)

odd Ntri/2 = D, =1 (hexagonal lattice, point group Dg)
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Superconducting pairing in nondegenerate bands

In real noncentrosymmetric SCs: T. < €. < Eso,€r J

interband pairing
is suppressed

k =0 \

a-la LOFF state

pairing survives \

A (k) A_(k)

only intraband %
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Superconducting pairing in nondegenerate bands

Cooper pairing of the time-reversed states in the same band:

Hint = V g g Vnn k k ckJrq nck nck’ n' Ce/ +-q,n’

kk’q nn’

G = Kb K =ta(k)e ., ta(k) = —tn(—k)

Mean field (M = # of nondegenerate bands crossing the Fermi level):

Hur= ) Z [A )tk + A% (k)ék,nék,n}

keHBZ n=1

Gap functions are even: A, (k) = A, (—k) J
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Superconducting pairing in nondegenerate bands

Symmetry properties: K: A,(k) — A (k)

gEG: Au(k) = Anlg k)

Basis-function expansion: A, (k) = e da(k), ¢a(k) = da(—k)

Mdr order parameter components

Example: G2p = D4 (e.g. oxide interfaces)

r dr | ¢r(k) = ¢r(=k)
A 1 1

A 1 koky (k2 — k)
B 1 k2 — K

B; 1 kok,

E 2 -
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Superconducting pairing in two-band model

Band representation: A, (k) =Ay(—k), A_(k)=A_(-k)

Spin representation:

Anp = As(k)(i62)as + Ai(k)Y (k) (1662)as singlet-triplet mixing
N———
d(k)

Aty = S EA) gy

—d(—k)

A (k) = A (k)
2

Spin representation:

» does not fit into the conceptual frameworks of the Fermi-liquid and
BCS theories

» more complicated technically (awkward phase factors in the gap
functions, etc)

K. Samokhin Noncentrosymmetric superconductivity



Novel features in superconducting state

This talk:

» Unusual nonuniform states: helical, phase solitons, zero-field instabilities
» Topological invariants and boundary modes

Not today:

v

Magnetoelectric effect

v

Unusual impurity effects on T, and spin susceptibility
Non-Helfand-Werthamer behaviour of H.,

v
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Ginzburg-Landau free energy

Simplest case: 1D IREP, two bands: n =A=+ = two OPsn.(r), n—(r)
2D SC 2 ' Hily
in a parallel field g i

GL free energy density: F = Fy + F_ + F,

Intraband:

Fx = anlma® + Balmal* + Ka[Val® + Ko Tm [n3 (H % V)] +LaH? s |

Lifshitz invariant

Nea o = Npa Npx o
Ky~ T2 VFE X, Ky ~ T2 HBUF,X, Ly ~ T2 “B
c0 c0 c0

Interband (“Josephson”) pair tunneling:  Fi, = ym (nin- +n"n4)

Lifshitz invariants = unusual nonuniform SC states
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Low fields: helical state

Helical state = weak-field counterpart of the FF state  ma(r) = nae'™® |

¢=CiH, To(H)="Te—CoH" | Ci2=Cra(as, K+, Ks,Ly)

¢ OF _200F _

No supercurrent in the helical state:  j, = VA -V ar ~
z q

Origin of the helical instability: FS displacement and deformation by H
Ex(k) — Ex(k) = &x(k) — Aupy(k)H, Ex(k) # Ex(—k)

H+#0
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Low fields: helical state

How to probe the helical state () = nxe*?" by tunneling:

BdG Hamiltionian can be made k-diagonal by a unitary transformation

o Ex(k) + (k)
Hx(k,k? ) —6k,k’ ( A 77; g —§>\(k)’q'>|\‘ Q)\(k) )

(k) = Lor(k)g— \usd (k) H
—— M

helical Zeeman

o ' _ |E — Qa(K)]
Quasiparticle DoS: Na(E) = Nr,» <\/[E SN NG >FS>\ J

K. Samokhin Noncentrosymmetric superconductivity



Low fields: helical state

For a circular Fermi surface & Rashba SO coupling v(k) = vo(ky, —kz):

E ,u>\H>
Inal” [0l

2 dp o yeosd| I
I — o
(2,9) A T —

N EIN,

05 T 15
Elin,|

Field-dependent gap edge: Ax(H) = |nx| — pnH

: coo NAE) 1 prH
: - = 1
DosS singularity: - = =% = 5o\ il ™ B = (Ina| + an D)

Total DoS
N(E) = Ny (E)+N_(E)

N(E)

E
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High fields: phase soliton lattice

London approximation: 7 (r) = |na|e#* (™)

Supercurrent: j, = —4e >  Kx|na[*Vaoox +2¢H Y K[> =0
A A

current conservation + boundary conditions

K[| _HY, Kam[

0= —¢_ — relative phase, = =13 =5 w2
pr— P P=K - 1 2 >, Ka|m|?

p+ and ¢_ are locked (§ =0ornw) = helical state

V.0 #0 = phase soliton state
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High fields: phase soliton lattice

London free energy density: f = (...) + %(Vmé?)2 + Vo(1 — cos @) — h(V.0)

N——
bias
_H (K, K_
h = 9 ( }(;F - I(A,) ) vb X |7”1|
Sine-Gordon equation single soliton (v, < 0):
% - ——  6(z) = 7+ 2arcsintanh(x /&)
V.0 — Vosinf =0 J €=1/ Ve, energy = e;

At low soliton density ns:  Fiolitons — Fho solitons = (€1 — 2Th)ns + ...

Soliton lattice

ath > hs = e /2w
lattice spacing
~2¢,InH,/(H — H,)

~
T

6/2m

-
T
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Zero-field nonuniform superconducting states

Lifshitz gradient terms are possible even at H = 0!

GL energy for a tetragonal SC, two bands (Rashba), point group Ca,:
F=F,+F +F,+FL

Additional Lifshitz invariant: Fr = K Re(n} V.n- —n=V.ny) J

Nonuniform instability: 7, = 7y 0e'?” if K1 > Kp .

Semi-microscopic derivation:

S 1 /o Nat a2 .
Hine = v Z ZVnn/(k, k ;q)Ck+q7nckyan:/7n’Ck/+q,n,

kk’q nn’

Expand in powers of g: Vi (k, ks q) = van (k, k') + by (k, kg +O(¢%)

treat as a perturbation \_J
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Zero-field nonuniform superconducting states

k. A KA
Correction to the free energy = < >
&, A KA

C
Magnitude of the Lifshitz term: K, = %N+N— n* (LTQ) 18]
Tlc

B = (by_(k,k)); — invariant polar vector (for Cy,: 3 || 2)

B # 0in pyroelectric crystals:
for G = C4, C,, Cz, Cay, C4, Cyy, Cs, Csy, Cs, Céo
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Bogoliubov-de Gennes Hamiltonian

Spectrum of fermionic excitations = eigenvalues of the BdG Hamiltionian:
M

M
Hpac(k) =Y _ |k,n)hn(k)(k,n| = T (k) ® hn(k) J

n=1

Bloch band projector J
1L (k) = |k, n)(k,n|

ReA, (k)
o (aR) AR\ B
o= (2 S0 ) = ””“”‘( Ignﬁg(k)>

Electron-hole symmetry: #2h,, (k)7 = —h} (k) = eigenvalues = +E, (k)

Bogoliubov excitation energy: E.,. (k) = /&2(k) + |An(k)|2 >0 J
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Topology in 3D. TR breaking states

How to characterize topological classes of bulk SC states?

Consider the map of 3D BZ: k — Hpac(k Z (k) @ v (k)7

Maurer-Cartan 1-form: w = HpiodHpac —2M x 2M matrix

Topological invariant: A3 = Trw?®
24 2472 BZ

3 _ Em B\ 5y _omEm

Amn(k) = i(k,m|d|k,n) — Berry potential

N3z =0 |
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Topology in 3D. TR invariant states

TR invariant superconducting state = real A,

M - 0 etn
UHpacU' = ZEnHE ® < i >

U—i<1 i > pion _ &n +1An
va\ b =i )’ V& + 42

Consider the map of 3D BZ: k — (k) = > En(k)e'™®1L7 (k)

Topological invariant:

R 1 PR
NF _247T2/thr(q dq) J = 47TQZ/B (Bn - Vibn)

#O near FS

B,, = dA,» — Berry field in the nth Bloch band
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Topology in 3D. TR invariant states

M
1 depends on the Bloch band topology
N 52 Chy, sgn An J and SC properties
First Chern number = Berry flux through the Fermi surface
1
n=— B, (k)-d
Ch o7 | (k)-dS

Rashba SC, isolated band degeneracy (“Berry monopole”) at k = K:

Chy = —Asgn det =41

k=K

07i
ok;

1
WG] = Zsgn Ay — sgn A-|J

Topologically trivial:  sgn Ay sgn A_ =1 (singlet channel dominates)
Topologically nontrivial:  sgn Ay sgn A_ = —1 (triplet channel dominates)
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Topology in 2D. Winding numbers

Add one extra dimension: ko — real “frequency”
Use the BdG Green’s function:  G(k, ko) = [iko — Hpac (k)] to define

topological invariant: Nojq = ! / Tr(Gdg™')?
2471'2 BZxS1

M
Noj1 = _ L Z/ D (dDy, x diy,) < only SC properties
8m £~ Jpz

For a fully gapped superconducting state A, (k) = A, (—k) = |A, (k)|e?"
M Ny, = i?{ dyr — phase winding number
Nogi==> No| "7 21 Jps, 7"
n=1 N, is even!
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Topology in 2D. Wilson loops

BdG eigenfunctions at given k:

Hpac(k) (|k.n) © [k n:5)) = sEn (k) (Jk.n) © [k, n; 5))
Bloch Berry potential: A, (k) = i(k,n|d|k,n) = Ann(k)
Nambu Berry potential: an,s(k) = i(k, n; s|d|k, n; s)

Bloch Wilson loop: w5 = ¢’ frsn An J

For the point groups containing “2D inversion” Cs. (G = Caz,4,6, D2,4.6):
Bn(—k) = —B,(k) (TR) and B,(—k)=B.(k) (C2.) =
Berry field B,.(k) =0 everywhere, except the TRI points K;

3 KA
j:: A, =5 % A,
FSn

K. Samokhin Noncentrosymmetric superconductivity
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Topology in 2D. Wilson loops

Near K; — use two-band model with 4 = |v|(sin a cos §, sin asin 3, cos «)

A)\:—%(l—)\cosa)dﬁ = 7{ Ax = —mNg(K;)

N (K;) = the index of the critical point K; of the vector field v = (v«,7y,0)

==+1
k=K;

Ng(K;) = sgn det

M.
Okm

,w>1\3 _ (_l)zi/NB(Ki) _ (_I)Mn J Z5 invariant

M, = number of the TRI points enclosed by FS,,
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Topology in 2D. Wilson loops

Nambu Wilson loop: wﬁfs = ¢t Irs, ans J

R ReA, (k) $in éu cos fBn
hn(k) = vn(k), va(k) = | —ImAn(k) | = En(k) | sindy,sin g,
fn(k) CcoS Oy,

Nambu Berry connection:

1 ~
an,s = —=(1 — scos & )dfn, ?{ an,s = —mNz =N,
2 FSn _—

for Ap=|Ap|etPn

N, Zs invariant =
o= (1) =1 J parity of the phase winding number N,
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Bulk topology and boundary modes

Manifestation of nontrivial topology — subgap fermionic boundary modes

. . 7iUF,zvz A(k:F) _
Andreev equations: ( A*(kp)  ivraVe Vip = EYr,,

Surface bound state (ABS):

A(kF) Qx
Yrp(x) = C(kr) E —iQsgnvp, e "ral Q= /|A]2 - E2
1

3k p) =t (2=0)

km,1 km;/— ky kout,2 koum

Specular surface reflection = £, = const
N incident waves
N reflected waves i} + x

vac SC
x<0 x>0
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Andreev boundary states in 2D

Boundary conditions

N
for ¢(kr) = Y, (x = 0): P(Kout,i) = Zl S;j b(Kin ;) J
=
surface scattering matrix ——

S-matrix: normal-state property (electron-hole scalar),
S'§ =1 + additional symmetries (e.g. TR)

2N equations for {C(kin,i)}, {C(kout,;} — equation for E(k,)

K. Samokhin Noncentrosymmetric superconductivity



Andreev boundary states in 2D

N6

Example: single band, A(k) = Age’ (N — phase winding number)

Eaps(0) = —Ag cos(NO)sgn [sin(N)], ky = krsinf

051

Elny e.g. chiral d-wave state (N = 2):
A(k) = Ao(kd — ki + 2ik.ky)

1 0.5 0 0.5 1
k, 7k
# of zero modes = phase winding number J
[NV
O = 2 1 =0,..,— —
2|N|( m+1), m=0 5
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Andreev boundary states in a 2D Rashba SC

Isotropic Rashba model:  Hy (k) = (

2

2m*

— EF) oo + ’}/()(kyé'z — kz6y)

Fermi surfaces are circular:  krx = /k% + (m*y0)? — Am™ o
(kp,— > kr+)

ki

ko

ABS energy equation at given k,:

E —i/|[A(k2")[]2 — E? A(keut)

does not depend on surface scattering!
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Andreev boundary states in a 2D Rashba SC

angles of reflection [0+ | < 7/2

N =2
ABS energy equation (@ —a®™) (P —ad™) S .S,
at given ky: (ar — aut)(adp —aot) S S5,y
in A(KY) out _ A(KS™)

oy = - , « =
Y E+iJARDOE-E2 O E—iJARSY] - B
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Andreev boundary states in a 2D Rashba SC

S-matrix in the Rashba model (surface potential = co, no TRS breaking):

G- 1 ( e+ — 710 24/cosf_ cos Oy )

el e+ 2+/cos 0_ cos 04 el — e 1+
» unitarity:  S7(k,)S(k,) =1
» TRinvariance: Sy (—ky) = AN PTG, (k)

» for normal incidence: S(k, = 0) = ( _01 Bl ) - no intraband

scattering
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Andreev boundary states: s-wave SC

Isotropic s-wave state "
(Ax >0) A_(k)=A_, Ay(k)=Ae J

0 <y <7m — phenomenologically possible in two-band GL free energy

TR invariant states:
x=0: A_(k)=A_,AL(k)=A4 = |As] > Ay — Ztrivial
x=m A_(k)=A_,AL(k)=—-AL = |A{>]|As] — Zznontrivial

Z5 topological invariant = # of Kramers pairs of zero-energy ABSs

How do the ABS evolve under intrinsic TR symmetry breaking?

K. Samokhin Noncentrosymmetric superconductivity



Andreev boundary states: s-wave SC

T - L’
N 2
N -
NN -
05- 0.051 S —X=1
--038mn
—- 0.6
g o g4 o ]
w w
051 -0.051- o B
- N
(- O
// \\
R VT T 0a 08
k Ik
Ay =A_, kp4+ =0.8kp — Ap =0.1A_, kp4 =08kp _

ABS exists only at x. < x <, X = arccos [min (&7 &)}
Ay A

TR symmetry breaking — gap in the ABS spectrum
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Andreev boundary states: chiral d-wave SC

Chiral d-wave state

A_(k) = Ap (k) = Ao(k2 — k2 + 2ik,k,) J

(d + id state)
Phase winding numbers: N_ =N, =2

1 1 1

051 — 051 0.5
<o 1 £ & o
w w w

05 q 051 05

8 U‘ 4 0 0‘.4 0.8 0‘ 8 d 4 0 0‘4 O‘.B —O‘.E d 4 0 0‘.4 O‘B
KTk KTk k Tk

kg4 = 0.8kp,

kg4 = 0.5kp,_

kp4 =0.2kp _

# of the ABS zero modes = total phase winding number N_ + N, =4
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Andreev boundary states: d,,-wave SC

dzy-wave state

(TR invariant) A_(k)= A4 (k) = 2A0’A€zi’ﬂyJ

Ay (—ke, ky) = —Ax(ke, ky) — sign change upon surface reflection, at all &,

05f B
qo
Eaps(k,) =0 o’
dotted line = bulk gap edge osk |

min(|A— (ky)l, [A+ (ky)])

-0.8 -0.4 0 0.4 0.8

kp 4 =0.8kp,_
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-wave SC

Andreev boundary states: d,2_

y2

dg2 _y2-Wave state

(TR invariant) A (k) = A (k) = Do(ks — ki)J

Ay (—ke, ky) = Ax(ks,ky) — no sign change upon surface reflection
into the same helicity band

If A (ky)A(ky) = Ad cos(20_) cos(20,) < 0
\

gap function changes sign upon interband reflection
(probability = [S;—|> = [S_4|* < 1)
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Andreev boundary states: d,._,2-wave SC

E/A,
EIA,
<
<

-0.51 1 -0.51 1

-0.8 -0.4 0 0.4 08 - -0.8 -0.4 0 0.4 0.8

kg4 =0.5kp _ kg4 =0.8kp _

dotted line: bulk gap edge = min(|A_ (ky )|, |A+(ky)|)
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Topology of TR invariant d-wave states

BdG Hamiltonian:  Hpac(k) = Y Tx(k) ® ha(k)

Electron-hole symmetry 7ok (k)72 = —h} (k) + TR symmetry h} (k) = ha(k)
)
Chiral symmetry: {C,Hpac(k)} =0, C= ZHA ® T2

Symmetry-protected Maurer-Cartan topological invariant:

N =L 7§ Tt (Cw), w=HpiedHaae J
ky=const

41

# of the zero-energy Andreev surface modes = |Ni (k)|

Mim kY fab, oo o BB
21 X \ (k) + A2(k)
not defined at gap nodes
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Topology of TR invariant d-wave states

1 ~ .
Ny = Z Doir Qi = ﬂ?{ d®, — “topological charge” of the node
A, CX,i

d.y-state dy2_,2-state

N1 =2o0r1
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Conclusions

» Absence of inversion symmetry + strong SOC result in nondegenerate
electron bands with nontrivial topological properties

» Symmetry classification of the SC states in noncentrosymmetric crystals
differs from the centrosymmetric case (gap functions are even in k)

» Linear gradient terms in the GL energy (Lifshitz invariants) are
responsible for a variety of novel nonuniform SC states, even at H = 0

» SC states in the bulk can have nontrivial topology, which manifests itself
in the Andreev surface modes
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