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Abstract: <span>In this talk, | will show the emergence of p+ip topological superconducting ground state in infinite-U Hubbard model on
honeycomb lattice, from both state-of-art Grassmann tensor-network numerical approach and quantum field theory approach.</span>
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Outline

* Background for p+ip superconducting state of spinless
fermion and infinite-U repulsive Hubbard model.

* Tensor product state(TPS) and its generalization for
interacting fermion systems.

* Benchmark with free fermion and simple interacting
fermion models.

* Infinite-U Hubbard model on honeycomb lattice: p+ip

superconducting order coexists with ferromagnetic order.

* Mechanism: A quantum field theory approach.

* Summary and outlook.
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p+ip superconductor of spinless

fermion
A Majorana zero mode emerges in the vortex core
(N. Read and Green, Phys. Rev. B 61, 10267 (2000))

[6° e©]
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p+ip superconductor of spinless
fermion

A Majorana zero mode emerges in the vortex core
(N. Read and Green, Phys. Rev. B 61, 10267 (2000))

£s ™

Vortex carries non-Abelian statistics

e Topological quantum computation.(Kitaev, 1997)
But hard to be realized in nature

e Electron carries spin, spinless fermion is artificial.

e In BCS theory, a strong spin polarization will Kill
superconductivity.
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p+ip superconductor of spinless
fermion

A Majorana zero mode emerges in the vortex core
(N. Read and Green, Phys. Rev. B 61, 10267 (2000))

/[6° e©/

Vortex carries non-Abelian statistics

e Topological quantum computation.(Kitaev, 1997)
But hard to be realized in nature

e Electron carries spin, spinless fermion is artificial.

e In BCS theory, a strong spin polarization will Kill
superconductivity.

o How about a strong coupling model with non-BCS mechanism?
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The infinite-U Hubbard model:

Repulsive Hubbard model

H =1 Z ('jln(‘_},«, F h.c. + ('Z it |

i]).0

l
Hi_j; =t Z C; .Cio + h.c. 4 .!Z (S, o F —In,n,)

Infinite'-U repulsive Hubbard model with a single
hole: Nagaoka's Theorem (Nagaoka, 1966)
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The infinite-U Hubbard model:

Repulsive Hubbard model

H =1 Z f'j{g'_m + h.c. + I'ZN,-H,_

i]).0

I
Hi_j =1 Z C; .Cio + h.c. 4 ./Z (S, o F —lu,n,)

Infinite-U repulsive Hubbard model with a single
hole: Nagaoka's Theorem (Nagaoka, 1966)

e Kinetic energy driven Ferromagnetic ordering.

e The infinite-U limit is an important starting point to
understand the strong coupling physics, €.g., the mechanism
of high-Tc cuprates.

Unfortunately, Nagaoka's Theorem is very hard to be
generalized to finite doping.

o Nevertheless, Nagaoka state is an eigenstate of infinite-U
Hubbard model, can be stabilized by adding small magnetic field.
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Recent numerical results:
Hubbard model on square lattice(DMRG)

« HMF=Half-Metallic Ferromagnetic=Nagaoka Ferromagnetic
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Li Liu,etal Phys. Rev. Lett.108, 126406 (2012)
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Recent numerical results:
Hubbard model on square lattice(DMRG)

« HMF=Half-Metallic Ferromagnetic=Nagaoka Ferromagnetic
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A different geometry:

Repulsive Hubbard model on honeycomb lattice
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A different geometry:

Repulsive Hubbard model on honeycomb lattice

o It is a Mott insulator with AF DO S S LW
ordering at half-filling 99"‘ Sa® e
t...‘ "3 \:
e It might be a p+ip ... ot -,
superconductor at finite . s

L)
doping due to geometry &’..‘..‘Q
. d

» Potential spin liquid in Hubbard model on honeycomb lattice
at half-filling (Z.Y. Meng etal., Nature 464, 847 (2010) )

e Possible realistic materials
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A different geometry:

Repulsive Hubbard model on honeycomb lattice

e It is a Mott insulator with AF ﬂ..,:-» -j"ﬁ‘ “® e
ordering at half-filling D,.';-s @ ,g“‘.

| | ,.... D S
e [t might be a p+ip .. -

superconductor at finite ....... ¥

doping due to geometry h‘.‘..“
- 4

» Potential spin liquid in Hubbard model on honeycomb lattice
at half-filling (z.Y. Meng etal., Nature 464, 847 (2010) )

e Possible realistic materials

We investigate infinite-U Hubbard model on
honeycomb lattice by performing a thermodynamic
calculation with (Grassmann) tensor product states
and a finite size calculation with DMRG.
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What is a TPS

Mean-field states: 1, ! oyt om om m omy mg omyom,

v

W({m;})=u"u"*u"?u"" 1 m; =]
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What is a TPS

Mean-field states: 1 ! oyl ome oy mg omg omg omg m,

lll({’”f}) . “m] “ur_\”m-:“m; ceat i _.. l

MPS/DMRG(the best numerical method in 1D):
W({m;}) =Tr[A™ AM2A™A™ ...]: m;=].] [— Al |— A*

n
m m m ", m. m, m. .

| ‘ ‘ | ‘ “Tafi

" — — 3
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What is a TPS

Mean-field states: ‘ —_— ”': — moom,om, om, mg m,m,
|

4

W({m;})=u"u"*u"?u" 0 ;=]

MPS/DMRG(the best numerical method in 1D):
U({m;}) =Tr[A™ AM2A"™A™ ...]: m;=].] [— Al |— A*

m m m m, . m, m, o
AL
| CT o, L
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Properties of TPS:

> 9 @ 9 @ @ @ 9 98§ T
e Entanglement entropy satisfies area law
R SRR R N R R
>0 1099 0 o4 S(pr) = L  (F. Verstraete etal.)
PP SIS P e e e e D
> ¢ 199 9 1o ¢ ¢ V) = [) [) = [l
88« 0 198 11 2
e -9 0 9 @ 9 @ 93 ) \ ) I /7.
- & & & & & 6 & & & '-|"]-;1_\.; H[’ ‘II"= ]f 11’:'::,{ H;Jw/fm/
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Properties of TPS:

&
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e Entanglement entropy satisfies area law
S(pr) = oL (F. Verstraete etal.)

D
U,) = H I |I)= Z [l)
(=1

link

Urps) = H Pi\Wo) P = '1-;:,!”‘, m; ) (rud
{

« Systems with topological
S(pr) =al —~

TPS are faithful representation for topologically ordered
states (Z.C. Gu, etal., PRB, 2008, O. Buerschaper, etal., PRB, 2008)

A. Kitaev etal. 2006, M. Levin etal. 2006

TPS have achieved great success in spin models.

« Consistent with QMC on sign free problems. (Z.C. Gu, etal., Phys. Rev. B 78,
205116 (2008), Ling Wang etal., Phys. Rev. B 83, 134421 (2011) )

o Consistent with DMRG on frustrated magnets, e.g., J1-J2 model.

(Ling Wang, Zheng-Cheng Gu, Frank Verstraete, Xiao-Gang Wen, arXiv:1112.3331)
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Properties of TPS:
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e Entanglement entropy satisfies area law
S(pr) = aL (F. Verstraete etal.)
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« Systems with topological
S(prL) = aL —~

TPS are faithful representation for topologically ordered
states (Z.C. Gu, etal., PRB, 2008, O. Buerschaper, etal., PRB, 2008)

A. Kitaev etal. 2006, M. Levin etal. 2006

TPS have achieved great success in spin models.

« Consistent with QMC on sign free problems. (Z.C. Gu, etal., Phys. Rev. B 78,
205116 (2008), Ling Wang etal., Phys. Rev. B 83, 134421 (2011) )

o Consistent with DMRG on frustrated magnets, e.g., J1-J2 model.

(Ling Wang, Zheng-Cheng Gu, Frank Verstraete, Xiao-Gang Wen, arXiv:1112.3331)
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TPS for fermion systems

How to simulate fermion systems?
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TPS for fermion systems

How to simulate fermion systems?

" Treat fermion systems as ordinary hardcore boson/spin systems.

1
®
‘::
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fPEPS/Grassmann TPS ° e 200

Z C Gu etal. 2010

¢ A fermion wavefunction should give out the correct sign under
different orderings.
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fPEPS/Grassmann TPS °''eusee 200

Z C Gu etal. 2010

o A fermion wavefunction should give out the correct sign under
different orderings.
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fPEPS/Grassmann TPS ° e 200

Z C Gu etal. 2010
o A fermion wavefunction should give out the correct sign under
different orderings.
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Outline

* Background for p+ip superconducting state of spinless
fermion and infinite-U repulsive Hubbard model.

* Tensor product state(TPS) and its generalization for
interacting fermion systems.

* Benchmark with free fermion and simple interacting
fermion models.

* Infinite-U Hubbard model on honeycomb lattice: p+ip

superconducting order coexists with ferromagnetic order.

* Mechanism: A quantum field theory approach.

* Summary and outlook.
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A free fermion model:
Free fermion model on honeycomb lattice:

H 2A Z c,c.+ H.o 4 ,,Z”, (Z.C. Gu Phys. Rev. B 88, 115139 (2013))
! \;' };
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A free fermion model:
Free fermion model on honeycomb lattice:

H = —2A L l.c.H ern (Z.C. Gu Phys. Rev. B 88, 115139 (2013))

e We use lmaglnary time evolution method to find the ground state.

o« We use Grassmann tensor-entanglement renormalization algorithm to
compute the ground state energy.( Z. C. Gu etal., arXiv:1004.2563)
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A free fermion model:
Free fermion model on honeycomb lattice:

H=-20 Y clel+ He+ ) 1, (ZC. GuPhys. Rev. B 88, 115139 (2013))
! \f' B !
o We use imaginary time evolution method to find the ground state.
e« We use Grassmann tensor-entanglement renormalization algorithm to
compute the ground state energy.( Z. C. Gu etal., arXiv:1004.2563)

0.2 o4 -0.22

-0.24

-0.26

...............

-0.28

Energy
Energy

D=4 relative error=0.4%
-0.30F .« D=2

exact

1 P S . -0.32 " L . )
0.0 0.1 0.2 0.3 0.4 0.5 0 20 40 60 80

A N=2%36 Dcut
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A free fermion model:
Free fermion model on honeycomb lattice:

H 24 Z c;c;+ He + Z "; (Z.C. Gu Phys. Rev. B 88, 115139 (2013))
! \f' 15 !
o We use imaginary time evolution method to find the ground state.
o« We use Grassmann tensor-entanglement renormalization algorithm to
compute the ground state energy.( Z. C. Gu etal., arXiv:1004.2563)

0.2 o4 -0.22

024}

-0.26

I e yr vt St *

-0.28

Energy
Energy

u=0
« — D=4 relative error=0.4%
-0.30F .« D=2

exact

" 1 I " I i L 1 -0.32 L L L i

0.0 0.1 0.2 0.3 0.4 0.5 0 20 40 60 80
A N=2*36 Dcut

e The energy is correct even with extremely small D for gapped systems.

e Truncation error is slightly larger for critical systems.
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A simple interacting fermion model:

Spinless fermion with nearest neighbor attractive
Interactions on honeycomb lattice:

H = Z ((';('J. i /z.f'.) \'Zu,n,

1] )

(Z.C. Gu Phys. Rev. B 88, 115139 (2013))
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A simple interacting fermion model:

Spinless fermion with nearest neighbor attractive
Interactions on honeycomb lattice:

H = ZE: (r;rf +/L(Z) \'ZE:J)JJ, _OBIQ=2*36 i

1] ) -
(Z.C. Gu Phys. Rev. B 88, 115139 (2013)) N
D4 £ X 23
e Grassmann TPS ansatz is randomly > s 3 | A
initialized, no reassumption of 3 .
superconducting order parameter. W 05t N
s ED(24 sites) . S
. . ¢ D=6 N
e The p+ip paring pattern emerges e : , .
during imaginary time evolution. 0.2 i . .8
density
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A simple interacting fermion model:

Spinless fermion with nearest neighbor attractive
Interactions on honeycomb lattice:

H = :E: (r;r, +/Lf:) \'EE:J),N, _03|q=2*36 VRIS

L] Ll - 5
(Z.C. Gu Phys. Rev. B 88, 115139 (2013)) N
04F ! oe243
e Grassmann TPS ansatz is randomly > . " A
initialized, no reassumption of 3 .
superconducting order parameter. W -05¢ .
s ED(24 sites) e =
. . ‘ D=6 N
e The p+ip paring pattern emerges P . , .
during imaginary time evolution. 02 03 04 .
density
Doping ng = 0.224 ng=0.313 ny = 0.36

AT /AT (-0.4996.0.8656) | (-0.4995.0.8657) | (-0.4995.-0.8656)
A /AT (-0.5005.0.8660) | (-0.5006.0.8659) | (-0.5006.-0.8659)
ATC /AT (20.4999.0.8664) | (-0.4999.0.8665) | (-0.4999.-0.8666)
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Outline

= Background for p+ip superconducting state of spinless
fermion and infinite-U repulsive Hubbard model.

* Tensor product state(TPS) and its generalization for
interacting fermion systems.

* Benchmark with free fermion and simple interacting
fermion models.

* Infinite-U Hubbard model on honeycomb lattice: p+ip

superconducting order coexists with ferromagnetic order.

* Mechanism: A quantum field theory approach.

* Summary and outlook.
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The Nagaoka state is unstable on
honeycomb lattice!

0.0
Nagaoka
o D=10
5; e D=12
) *» D=14
a:) -0.2F DMRG(54 sites)
)
S
n
©
S 0.4
: o
9 o
(@) N
L
-0.6 : : ; :
0.0 0.1 0.2

doping

» Almost fully polarized but different from a simple Nagaoka state.
e What's the true ground state?
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A p+ip superconductor!
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A p+ip superconductor!

J=0 (infinite U Hubbard model)
0.015

D=10 5
D=12 o

T

0.010

0.005

G\

p+ip SC orderparameter
ca

0.00 005 010 015
doping

e p+ip superconductivity coexist with ferromagnetic ordering!
e What's the mechanism?
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A p+ip superconductor!

0.015

0.010

0.005

p+ip SC orderparameter

o
o
o
o

0.

e p+ip superconductivity coexist with ferromagnetic ordering!

J=0 (infinite U Hubbard model)

D=10
D=12 o
o
O
.-6’"5
B "o
0 005 010 0.15
doping

e What's the mechanism?
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A p+ip superconductor!

0.015

0.010

0.005

p+ip SC orderparameter

o
o
o
o
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e p+ip superconductivity coexist with ferromagnetic ordering!

J=0 (infinite U Hubbard model)

D=10
D=12 a
o
O
,—9"5
B o
0 005 010 0.15
doping

e What's the mechanism?
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A p+ip superconductor!

0.015

0.010

0.005

p+ip SC orderparameter

o
o
o
o

0.

e p+ip superconductivity coexist with ferromagnetic ordering!

J=0 (infinite U Hubbard model)

D=10
D=12 o
o
O
,»9"6
- 78]
0 005 010 0.15
doping

e What's the mechanism?
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Finite but small J(large U)?
ground state energy(PBC)

0.0
—— Nagoaka
- e D=10
_ o . @ D=12
UJ—SO @ 02} N v D=14
6 v i DMRG(54 sites)
Q N
0.0 — y
Nagaoka ‘g % ~
0 D=1( -0.4 S
> B D=12 -8 % )
= v D=14 2 S
g 0.2+ DMRG(54 sites e & )
o
@ % ‘
2 0.6 . L . L
3 0.0 0.1 0.2
w \
04}
o N doping
-
3 t/J=50
o 8
06 i i " 1 .
0.0 0. 0.2 e agree with DMRG results
doping

¢ but no ferromagnetic order
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Stability and instability of p+ip

superconductivity

0.015
— v— t/J=50(D=10)
Q t/J=50(D=12)
g v— 1/J=50(D=14)
o a— t/J=30(D=10) Y
8 0.010 ¥J=30(D=12) oA
5 A—1/J=30(D=14)
I a”
o -
() 0.005} A
m r - -
ol -~ ,VA —d
Q

OOOOV 1 " 'l

0.0 0.1 0.2
doping

e the p+ip order parameter
decreases with increasing D
e non Fermi liquid?
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p+ip SC order paramter

Stability and instability of p+ip

superconductivity
0.015 _ o
v W=S0(0=10) e the p+ip sgperconductlwty
sl can be stabilize by parallel
POT s w=300=12 . magnetic field
A—1/J=30(D=14)
AV
. P e D=10
/-"VA Y “
0.000 : . 1 § 00151 e . . .
0.0 0.1 0.2 @
doping E .
g 0010 g
. o
o the p+ip order parameter B oioe -« t/J=30
decreases with increasingD £ + UJ=30
e non Fermi liquid? 0,000 T . : .
h(J)
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Outline

* Background for p+ip superconducting state of spinless
fermion and infinite-U repulsive Hubbard model.

* Tensor product state(TPS) and its generalization for
interacting fermion systems.

* Benchmark with free fermion and simple interacting
fermion models.

* Infinite-U Hubbard model on honeycomb lattice: p+ip

superconducting order coexists with ferromagnetic order.

* Mechanism: A quantum field theory approach.

= Summary and outlook.
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A minimal field theory model for
infinite-U Hubbard model:




A minimal field theory model for
infinite-U Hubbard model:

Slave fermion is a good starting point: ¢i, = f. b,

— ‘
Logr=1f"(0y—=1tAg)f —if (0 —iA)f —pusff _,_,Z.““ iA )bs|” = V(be.by).
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A minimal field theory model for
infinite-U Hubbard model:

Slave fermion is a good starting point: ¢i, = f. b,

L, if (Do —tAg)f =i f (0 —1A))f —pusf" ] ;Zf (0, — 1A, )b, V(b by).
e The linear dispersion relation for holon arises from the

minimal coupling principle.

e Ferromagnetic order with strong quantum fluctuations

should be described by CP(1) model.
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A minimal field theory model for
infinite-U Hubbard model:

Slave fermion is a good starting point: ci, = f. b,

I - )
L. Lf* (Do — 1A f —if (O —1A)f —puef* f ;L (D, —iA,)bs|” = V(bs.by).

e The linear dispersion relation for holon arises from the
minimal coupling principle.

e Ferromagnetic order with strong quantum fluctuations
should be described by CP(1) model.

Gauge fluctuation is controlled in the Higgs phase:
by = ve' and by =0

Lot = if (Do —iAo)f —if (D —iANf — psf*f "7(_1;, 9,0)
g
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A minimal field theory model for
infinite-U Hubbard model:

Slave fermion is a good starting point: ci, = f. b,

I - )
Lorr=1f"(Dy—iA0)f —if" (i —itA)f —pusf"f ;L (D, —iA,)bs|” = V(bs.by).

e The linear dispersion relation for holon arises from the
minimal coupling principle.

e Ferromagnetic order with strong quantum fluctuations
should be described by CP(1) model.

Gauge fluctuation is controlled in the Higgs phase:
by = ve'” and by =0
e -
Lot = if (O —iAg)f —if (D —iA)f —pusf*f (.1;, .-')I,u)
g
Duality transformation:
Lo = if* (8o — iAo)f —if*(8; — iA)f — pusf*f + l—’g —&( Ay - 00)
2
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A minimal field theory model for
infinite-U Hubbard model:

Slave fermion is a good starting point: ¢i, = f. b,

I - )
Lopr=1f"(Dy—1Ao)f —if (i —iA)f—puef™f ;Z‘ (D, —iA,)bs|” = V(bs,by).

e The linear dispersion relation for holon arises from the
minimal coupling principle.
e Ferromagnetic order with strong quantum fluctuations
should be described by CP(1) model.
Gauge fluctuation is controlled in the Higgs phase:
br = ve' and /J_ = ()
Loi = 1f (O —1A0)f —if (0 —1A)f —pusf" f e (_lﬁ, ()I,U);
)
Duality transformation:
Lot = if* (Do —iAo)f —if* (0 — iA)f — psf*f + 1”_,1'-’ _ :“(_-1,, - u,,u)
2
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Adding a mass term for vortex field:
[_‘._H i‘l'/“((.)” J’l.lul"/' f,'f) :’lJf l!;}‘/ . L'J :‘"‘(_\” ’.);.” (')“&) I”\K:

|.,‘_’“
0 =n+C

T

Integrating out the smooth part leads to: 0, ,{" = 0
Solved by: &' = =M, a

-

smooth part singular(vortex) part
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Adding a mass term for vortex field:
L. tf (g —i1Ag)f—if (0 tA)Vf — e fT f 4 Ir—j’f\: f‘"(_\” ) “‘),A) ”-’\k:
0 =1+

smooth part — e singular(vortex) part

Integrating out the smooth part leads to: ¢, ,{" = 0

Solved by: &' = =M, a
. =7 ¢ | A
Dualized theory: = 5 €f

L‘.‘- .'p’r f)-| f‘|‘f 1 fo(d fl f "llf, IJ . ‘:'l- _‘"”I 'Ir"‘ | T | \

Integrating out the gauge field A leads to constraints:

%,‘”U,H, - // — N -_%(f')/”n doa;) = // = n
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Adding a mass term for vortex field:
L i f (O tAg)f —if (0 tA)Vf — e fT f 4 L,LJ :,“(-‘,w . H’,&) ”}‘k:

eft I.,‘_
0 =1+

smooth part — N singular(vortex) part

Integrating out the smooth part leads to: 0,/ = 0

Solved by: & = =M, a
: =" : Il N
Dualized theory: -0,

L‘.‘- 1Ty 1) J 1f () 1A f jrl f 4

) -

[ V4 Bl T -

Integrating out the gauge field A leads to constraints:

%"”U'”f = f*f =n -_:%“.)/”l) - oai) = f*f=n

Imposing the constraints generates a Yukawa term: Z.”’
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Spin-charge separation and Non-BCS
mechanism: skyrmion mediated

superconductor

e The formal calculation in
quantum field theory implies a
new mechanism --- skyrmion
mediated superconductivity.

e Such a mechanism relies on
spin-charge separation and
emergent U(1) gauge field,
therefore it is beyond BCS theory.
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Possible realizations: InCu,,,V,,,0,.

« S=1/2 AF on honeycomb lattice.(Phys. Rev. B 78, 024420
(2008) )

* Doping plus in-plane magnetic field: p+ip topological
superconductor?

* Pressure: spin liquid?
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Possible realizations: InCu,,,V,,,0,.

« S=1/2 AF on honeycomb lattice.(Phys. Rev. B 78, 024420
(2008) )

* Doping plus in-plane magnetic field: p+ip topological
superconductor?

* Pressure: spin liquid?
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Possible realizations: InCu,,,V,,,0,.

« S=1/2 AF on honeycomb lattice.(Phys. Rev. B 78, 024420
(2008) )

* Doping plus in-plane magnetic field: p+ip topological
superconductor?

* Pressure: spin liquid?

(MO )

'
'
7 (107 emu/mol)

e Quasi long range order with TN=37K
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Summaries and future works

* Grassmann TPS are possible unbiased variational states to
study strongly interacting electron systems.

= We found strong numerical evidences that doped infinite-U
Hubbard model on honeycomb lattice is a p+ip
superconductor coexisting with ferromagnetic order.

* Based on a controlled quantum field theory calculation, we
propose a non-BCS mechanism for such a superconductor

* We propose potential materials and experimental methods
to realize a p+ip superconductor.
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