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ABSTRACT OF THE DISSERTATION

A Study of d-Density Wave States
in Strongly Correlated Electron Systems

by

Chen-Hsuan Hsu
Doctor of Philosophy in Physics
University of California, Los Angeles, 2014
Professor Sudip Chakravarty, Chair

Particle-hole condensates in the angular momentum ¢ = 2 channel, known as d-density wave or-
ders, have been suggested to be realized in strongly correlated electron systems. In this dissertation,
we study singlet and triplet d-density wave orders with a form factor of d,2_,2 as well as a novel
topological mixed singlet-triplet d-density wave with a form factor of (iod,2_,2 +d,, ), and discuss

the connections of these states to high-temperature superconductors and heavy-fermion materials.

In Chapter 2, we discuss the spin susceptibility of the singlet d-density wave, triplet d-density
wave, and spin density wave orders with hopping anisotropies. From the numerical calculation, we
find nearly vertical dispersion relations for spin excitations with anisotropic incommensurability at
low energies in agreement with the inelastic neutron scattering experiments in the pseudogap state
of the high-temperature superconductor YBay,CusOg¢. The vertical dispersion is a distinct feature
of all three density wave states in contrast to the superconducting state, which shows an hourglass

shape dispersion experimentally.

In Chapter 3, we explore a mixed singlet-triplet d-density wave state in a two-dimensional
square lattice, which is topologically nontrivial and exhibits quantum spin Hall effect. We also
study the bulk-edge correspondence and Lifshitz transition in the system. In Chapter 4, we show
that the skyrmions in the system carry charge 2e and can condense into a superconducting state.

The phase transition between the density wave and superconductivity likely leads to deconfined

i1



quantum critical points. We suggest connections of this exotic state to the hidden-order state in the

heavy-fermion compound URu,Sis.

The st-DDW model is generalized to three dimensions in Chapter 5, where we propose a novel
pairing mechanism in URuySi;. We assume the charge 2e skyrmionic spin texture in the mixed
singlet-triplet d-density wave state fractionalizes into merons and antimerons at the deconfined
quantum critical point. The interaction between these fractional particles results in a spin-singlet
chiral d-wave superconducting state consistent with experiments. The unconventional supercon-
ductivity breaks time reversal symmetry, so we expect a polar Kerr effect at the onset of the super-
conductivity, but not in the time-reversal-invariant hidden-order state except perhaps for magnetic

impurities.
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CHAPTER 1

Introduction

1.1 Symmetry-breaking states and topological states of matter

In condensed matter systems, atoms organize themselves to form ordered states of matter at low
temperatures with properties which are fundamentally different from those of an individual atom.
Identifying these ordered phases and understanding how they are formed have been a major goal
for condensed matter physicists. While various orders are formed in numerous materials, they in
general can be classified into two categories. The first is a class of phases which can be understood
with the notion of broken symmetries invented by Landau [5, 57]. The phase transition and prop-
erties of a symmetry-breaking state can be studied in terms of a locally defined order parameter.
Examples of such states are ferromagnetism and superconductivity, and the corresponding broken
symmetries are spin-rotational symmetry and gauge symmetry, respectively. Since its discovery,
Landau’s theory of spontaneously broken symmetry has been a cornerstone of condensed matter
physics.

On the other hand, quantum Hall states, which exhibit a quantized transverse conductance in the
presence of an external magnetic field, fall into the other category beyond Landau’s scenario [99,
102]. The quantum Hall states do not break any symmetries, so physicists must take a novel
approach in order to understand them. This has led to a different classification based on the notion
of topological orders [97, 103]. The states responsible for the quantum Hall effect are characterized
by topological invariants, which are insensitive to smooth changes in the system (unless the system
undergoes a quantum phase transition) and therefore gives rise to a quantized Hall conductance.

The bulk of the two-dimensional system is insulating, and the electric current is carried by the



gapless edge states.

In 1982, Thouless et al. analyzed the quantum Hall effect in a periodic potential, and showed
that the Hall conductance can be mapped to a topological invariant (Chern number) associated
with filled bands [97]. In 1988, Haldane constructed a honeycomb lattice model with a quantized
Hall conductance even in the absence of a net magnetic field [33]. In this model, time rever-
sal symmetry is broken by magnetic flux penetrating the unit cell of the honeycomb lattice. The
spatially inhomogeneous magnetic flux gives rise to a nonvanishing Chern number, and thus a
quantized Hall conductance. The Chern number also determines the number of the topologically
protected edge states. In 2005, Haldane’s model was generalized to the time-reversal-invariant
case [47, 48, 6]. Unlike the quantum Hall effect, where time reversal symmetry is broken, the
time-reversal-invariant states reveal quantized spin Hall conductance. These states are character-
ized by a Z, topological invariant, which is related to the number of gapless edge states carrying
spin currents. Since then, these works have led to extensive and intensive studies on topological

insulators and topological superconductors [35, 79].

Although it appears that topological orders bear no relation to broken symmetries, this is,
strictly speaking, not necessarily true. Intriguingly, one may still construct examples where a
symmetry-breaking state has nontrivial topological properties and can even be protected by the
broken symmetry itself [80, 95, 108]. Thus, the central purpose of this dissertation is to study a
system in which topological orders and broken symmetries are intertwined and to discuss its re-
alization in strongly correlated electron systems, such as high-temperature superconductors and

heavy-fermion materials.

1.2 Exotic orders in strongly correlated electron systems

Strongly correlated electron systems are a wide class of materials in which electronic correlation
plays an important role such that the behavior of electrons cannot be interpreted as non-interacting
particles. These systems thus reveal remarkable physical properties, and exotic orders may arise in

the phase diagrams of these systems such as high-temperature superconductors and heavy-fermion



materials.

One example is the mysterious pseudogap state in underdoped cuprates [10]. A generic phase
diagram of high-7, cuprates is plotted in Fig. 1.1. In undoped parent compounds, antiferromag-
netism develops below the transition temperature, Neel temperature. Doping the cuprates by
atomic substitutions or oxygen content weakens the antiferromagnetism and lowers the Neel tem-
perature. Further doping results in unconventional superconductivity with a d,2_,2 energy gap in a
dome-like regime. In the underdoped region, there is a pseudogap state above the superconducting
transition temperature. The pseudogap state possesses an energy gap with d,2_,2-wave symmetry
as the unconventional superconducting state [98]. Therefore, the pseudogap and superconduct-
ing states should be closely related, and it is important to study the pseudogap state in order to

understand the whole phase diagram.

Despite the intense theoretical and experimental efforts over the last two decades, a full un-
derstanding of the origin of the unconventional superconductivity and the nature of the pseudogap
state is still being developed. Moreover, an effective theory of such a strongly correlated system
has a multitude of coupling constants, so we can generally expect a phase diagram with multiple
broken-symmetry states. Therefore, it is intriguing to explore exotic orders in the angular mo-
mentum ¢ = 2 channel, which have d-wave characters and may be relevant to the pseudogap and

superconducting states.

Another example of mysterious exotic orders is the hidden-order state in the heavy-fermion
compound URu,Sis. A schematic pressure-temperature phase diagram of URu,Sisy is shown in
Fig. 1.2. The specific heat measurement of URu,Si; indicates a second-order phase transition at
Tgo = 17.5 K under the ambient pressure. However, the order parameter of the state at Ty
still remains unidentified despite its discovery nearly thirty years ago [69]. At lower tempera-
tures, a superconducting phase arises below 7. ~ 1.5 K. Thermal conductivity and specific heat
measurements indicated that the unconventional superconductivity in the system is likely a chiral
d-wave pairing [50, 110]. Applying pressure leads to a large-moment antiferromagnetic state with
an ordering vector @0 = (0,0, 27”) as the applied pressure is higher than P, ~ 0.7 GPa. Quan-

tum oscillation measurements showed that there is no substantial Fermi surface change from the



X

Figure 1.1: Schematic doping-temperature phase diagram of high-T. cuprates. AF: antiferromag-
netism; PG: pseudogap; SC: superconductivity. Ty denotes the transition temperature of the an-
tiferromagnetism, Neel temperature; T, is the superconducting transition temperature; T* is the
temperature at which the pseudogap state develops. x. corresponds to the optimal doping, which

is a putative quantum critical point.



hidden-order to the large-moment antiferromagnetic state, suggesting that the translational sym-

metry in the HO state is broken with the same vector @0 [36].

From the pressure-temperature phase diagram, one can see that the superconductivity is en-
closed by the hidden-order state. This implies that these two states should be closely related to
each other. While numerous theoretical models have been proposed for the hidden-order state [87,
51, 37, 56, 18, 34, 42, 66, 26, 19, 24, 14, 100, 15, 84, 23, 43, 78, 85, 112], very few of them
attempted to explain the mechanism of the unconventional superconducting state, which is of our

central interest in Chapter 5.

1.3 d-density wave orders

Among the exotic orders which were proposed to explain the aforementioned mysterious pseudo-
gap and hidden-order states, a class of particle-hole condensates in the angular momentum ¢ = 2
channel [71] will be the primary topic in this dissertation. It has been suggested that the singlet
counterpart of the particle-hole condensate, known as singlet d-density wave (sDDW) order, is
the cause of the pseudogap [13]. (Recently it has been reported that sSDDW order can be realized
in cuprates using a Fermi-liquid theory with four parameters and standard Hartree-Fock meth-
ods [58, 59].) On the other hand, its triplet counterpart, triplet d-density wave (tDDW) [73], was
proposed to be the hidden-order state in the heavy-fermion compound URu,Sis [42, 26]. In this

dissertation, we also propose a novel mixed singlet-triplet d-density wave (st-DDW) order.

Density wave states break translational symmetry with nesting vectors, denoted by Cj and the
form factor of a density wave order parameter is constrained by the ordering vector @ [71]. In
contrast to particle-particle condensates in a superconductor, density wave states are particle-hole
condensates, where the orbital wave function does not constrain the spin wave function because
there are no exchange symmetry requirements between a particle and a hole. Thus, we may assume
the most general form of the density wave order parameter in the two-fold commensurate case,

which has both singlet and triplet components,

(el guens) = Cofu(R)ous + W filF) (N - Gas) (1.1)



Figure 1.2: Schematic pressure-temperature phase diagram of URu,Si,. PM: paramagnetism; HO:
hidden order; LMAF: large-moment antiferromagnetism; SC: superconductivity. Tpq: the tran-
sition temperature of the hidden-order state; 7..: the transition temperature of the superconducting
state; T'y: the transition temperature of the large-moment antiferromagetic state; P.: the transition
pressure between the hidden-order and superconducting states; F.: the transition pressure between
the hidden-order and large-moment antiferromagnetic states. In some literatures, the critical point

P. coincides with P,, which does not affect our main conclusion in this dissertation.



where ¢y, o (CL .,) 18 annihilation (creation) fermion operator with momentum k and spin «, N is the
spin quantization axis, and 4 are the Pauli matrices with spin indices a and 3. ®¢, and CDtQ are
complex numbers, and fS(E) ( ft(E)) is the form factor of the singlet (triplet) component. Whether

®f, (df) is real or imaginary depends on the form of fS(E) ( ft(l;)) as well as Q.

Taking complex conjugate on both sides, we have

(e} sChrqa) = (D) f1(k)s + (Dh)" f7 (k) (N.agﬁ)
), (1.2)

= (@) F2(F)pa + () i () (N -
where we have used 9,5 = 03, and 77,5 = Gga.-

Then, we may shift kto k + Cj, switch o and 3 on both sides in the above equation, and obtain
(chratns) = (9)" F1(F + Q)das + (@) f; B+ Q) (N - 5as ) (13)

where we have used the fact that k& + 2@ is equivalent to k in the two-fold commensurate density

wave systems.

Equating the above equation and Eq.(1.1), we obtain the following relations:

Q) = ®,f.(k), (1.4)
Q) = Lfi(k). (1.5)

(@g)"f; (k

t\k k(T

(Po)" fi (k

In a two-dimensional square lattice, we are interested in the cases where Q= (7, ) with the

lattice constants being set to unity. In Chapter 2, since we are interested in density wave orders

with a form factor of d,2_,» as the pseudogap state, we may choose

D5 fs(k) = i% (cosk, — cosky), (1.6)
Dhfi(k) = 0 (1.7)
for the sDDW order, or
5, fs(k) = 0, (1.8)
t . WO
O fi(k) = i (cos k, — cosky) (1.9)



for the tDDW order. In real space, after performing Fourier transform, we have

For sDDW order: (c}yaclﬁ) = i (=1 §,sW, (1.10)

For tDDW order:  (c] 150 = i (—1)7H (N : Eag) Wi, (1.11)

where j = (j,,j,) and [ = (l,,1,), and
Wi

Wy = To(dj,lﬁ — 0j1ag)- (1.12)
Therefore, in real space, the order parameter of the SDDW order produces staggered circulating
charge currents whose directions alternate from one plaquette to the next. The order parameter of
the tDDW order, on the other hand, produces staggered circulating spin currents but no charge
currents (Fig. 1.3). This reminds us of the topological band insulators mentioned in Section 1.1,
where oppositely aligned edge-spins travel in opposite directions. However, the bulk of the tDDW
order is not fully gapped, but is a semimetal instead, so there is no topological protection for the

edge states.

A more interesting case is the st-DDW order. In addition to the same spin current patterns as
the tDDW state, the order parameter of the st-DDW state also produces modulations of hopping
terms due to its real singlet component as shown in Fig. 1.3. The addition of the singlet component
makes the bulk spectrum of the st-DDW order fully gapped, and the system becomes topologically
nontrivial with a quantized spin Hall conductance. Notice that the st-DDW order preserves time-

reversal invariance, analogous to time-reversal-invariant band insulators in Section 1.1.

In Chapters 3 and 4, we choose a form factor of (iod,2_,2 + d,,) in order to study the inter-
wining between broken symmetries and nontrivial topology. To be explicit, the nesting vector is

@ = (m, ) and the form factor is

ofs(k) = Agsink,sink,, (1.13)
t .WO
Do fi(k) = i (cosk, — cosky), (1.14)

which satisfies Eqgs.(1.4)-(1.5). In real space, we have

(hacis) = i(=1)H (N'5a5> Wit + (=1) 00, (1.15)



where W;; is the same as Eq.(1.12), and

A

Ay = f(@,&@ig—(sj,lﬂw)- (1.16)

gl

In the discussion of the hidden-order state of URu5,Si; in Chapter 5, the nesting vector is chosen
to be @ = (0,0, 27“) in a three-dimensional body-centered-tetragonal (bct) lattice in order to be
consistent with quantum oscillation experiments [36, 69]. Notice that in the bct lattice 2@ =G
with a reciprocal lattice vector G. The st-DDW order is assumed to be formed on the diagonal
planes in the bct lattice to account for the anisotropic spin susceptibility observed in spin torque

measurements [75, 93]. To be specific, the order parameter considered in Chapter 5 is

<C£+Q7ack75> = 5Q5Ak +1 <N . 5ag> Wk, (117)
with the form factors
koa k.,
W, = Wosin( ma)m( Zc), (1.18)
2 2
Ay ,
A, = - [cos (kyra') — cos (k)] (1.19)

where the coordinate is rotated along z axis by 45°, i.e. 2’ = (z — y)/v2, v = (z +y)/v/2, and

2/ = 2. Here a’ = v/2a is the lattice constant after the coordinate rotation.

Therefore, the order parameter of the st-DDW order has the form of (iod,, + d2_.2). Gener-
alizing the model to three dimensions is necessary to explain the quantum oscillation experiments
in URuySiy. However, the topological features of the st-DDW order which lead to a novel pair-
ing mechanism discussed in Chapter 5 are in the fully gapped diagonal planes. Therefore, we
may treat the system as a collection of quasi-two-dimensional diagonal planes, and each of them
is topologically nontrivial with a quantized spin Hall conductance. The spin current pattern and
modulation of the hopping terms are on the diagonal planes as shown in Chapter 5. Notice that
the st-DDW order preserves time reversal symmetry, and does not produce net charges, magnetic
moments or charge currents to be detected by common s-wave probes, so it is a good candidate for

a hidden-order state.



Figure 1.3: The sDDW, tDDW and st-DDW orders on a square lattice. The black (red) arrowheads
indicate the directions of up- (down-) spins. The black and red lines indicate different signs of
modulations of the hopping along diagonal directions. Upper-left: charge current pattern of the
sDDW order. Upper-right: spin current pattern of the tDDW order. Bottom: spin current pattern

and modulation of the hopping terms of the st-DDW order.
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1.4 Contents of this dissertation

In this section, we will layout the structure of this dissertation and briefly discuss our motiva-
tions within each chapter. Notice that the notations and abbreviations for each chapter are defined

independently.

In arecent inelastic neutron scattering experiment in the pseudogap state of the high-temperature
superconductor YBa,Cu3Og g, an unusual “vertical” dispersion of the spin excitations with a large
in-plane anisotropy was observed [39]. Since high-7, superconductors have a rich phase diagram,
which hosts many possible competing orders, it is both important and interesting to examine the
properties of various density wave order parameters, which may be relevant to the pseudogap
state. In Chapter 2, we discuss in detail the spin susceptibility of the sDDW, tDDW, as well as
the more common spin density wave orders with hopping anisotropies. From numerical calcu-
lations within the framework of random phase approximation, we find nearly vertical dispersion
relations for spin excitations with anisotropic incommensurability at low energies w < 90 meV,
which are reminiscent of the experiments. At very high energies w > 165 meV, we also find
energy-dependent incommensurability. Although there are some important differences between
the three cases, unpolarized neutron measurements cannot discriminate between these alternate
possibilities; the vertical dispersion, however, is a distinct feature of all three density wave states

in contrast to the superconducting state, which shows an hourglass shape dispersion.

The pseudogap state of high-temperature superconductors is a profound mystery. It has tan-
talizing evidence of a number of broken symmetry states, not necessarily conventional charge-
and spin-density waves. In Chapter 3, we explore a class of more exotic st-DDW order on a two-
dimensional square lattice, which is characterized by topological properties observed in recently
discovered topological insulators [35, 79]. We compute the topological invariant, spin Chern num-
ber, in momentum space, where periodic boundary conditions are imposed. We also study bulk-
edge correspondence by numerically diagonalizing the Hamiltonian with cylindrical geometry, and
find gapless states carrying spin currents on the edges. The evolution of successive Lifshitz tran-

sitions in the system is tracked as the mean-field parameters are changed. Finally, we suggest that
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these rich topological density wave states deserve closer attention not only in high-temperature

superconductors but in other correlated electron states as well.

The mixed st-DDW state admits skyrmionic textures. In Chapter 4, we show that the skyrmions
in the system carry charge 2e by following Grover and Senthil’s adiabatic argument [31]. The
skyrmions have zero spin and are bosons, so they may undergo Bose-Einstein condensate and
condense into a spin-singlet s-wave superconducting state. In addition, a charge current can be
induced by a time-dependent inhomogeneous spin texture, leading to quantized charge pumping.
The quantum phase transition between this st-DDW and skyrmionic superconducting condensate
likely leads to deconfined quantum critical points. We suggest connections of this exotic state to
electronic materials that are strongly correlated, such as the heavy-fermion material URuySis. At
the very least, we provide a concrete example in which the topological order and broken symmetry

are intertwined, which can give rise to non-BCS superconductivity.

In Chapter 5, we propose a novel pairing mechanism in the heavy-fermion material URu,Si,
(other than the Bose-Einstein condensate of skyrmions discussed in Chapter 4). In this chapter, the
st-DDW model is generalized to three dimensions and the st-DDW order is assumed to be formed
on the diagonal planes in the body-centered-tetragonal lattice. The exotic order is topologically
nontrivial and supports a charge 2e skyrmionic spin texture as shown in Chapter 4. We then
assume the skyrmions fractionalize into merons and antimerons at the deconfined quantum critical
point. The interaction between these fractional particles results in a spin-singlet chiral d-wave
superconducting state, which breaks time reversal symmetry. We expect nonzero signals of the
polar Kerr effect at the onset of the superconductivity, but not in the time-reversal-invariant hidden-

order state, except perhaps for magnetic impurities.

To make the dissertation succinct and more accessible, the details of derivations of equations

in Chapters 4 and 5 are included in Appendices A and B.
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CHAPTER 2

Spin dynamics of various density wave states

2.1 Introduction

The pseudogap state of high-temperature superconductors has been studied with numerous exper-
imental tools, yet its origin is not resolved [74]. One view proposes that the pseudogap state is
a particle-hole condensate, a density wave. Of all such states that break translational symmetry
and have strong momentum dependence of the type d,2_,2, two candidate density wave orders
that can couple to inelastic neutron scattering have been proposed: the singlet d,2_,2-density wave
(sDDW) [13], corresponding to angular momentum ¢ = 2 but a spin singlet, and the spin density
wave order (SDW); in the general classification of density wave orders [71], the latter corresponds
to ¢ = 0 but a spin triplet. In addition to the SDDW order, its triplet counterpart [73] (iod,2_,2,
or tDDW, where ¢ = =+1 corresponds to up- and down-spins with the Z axis as the axis of spin
quantization) also has interesting properties and deserves more attention [73]. Recently, Fujimoto
proposed that a triplet d-wave particle-hole condensate may be realized in the hidden-order state
of the URu,Si, system [26], which will be the main focus in Chapters 4 and 5. Since high-7;. su-
perconductors have a rich phase diagram, which hosts many possible competing orders, it is both

important and interesting to examine the properties of various density wave order parameters of

higher angular momentum. In this chapter we discuss the three order parameters mentioned above.

Inelastic neutron scattering can directly probe magnetic excitations. The scattering cross-
section is proportional to the magnetic structure factor, which is proportional to the imaginary
part of the dynamic spin susceptibility via the fluctuation-dissipation theorem [2]. Thus, a calcula-

tion of the spin susceptibility will provide a link between theoretical models and neutron scattering
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experiments.

In particular, we want to address a recent experiment in underdoped YBa;Cu3Og 6. The most
striking aspect of this experiment is a vertical dispersion relation of the spin excitations with a large
in-plane anisotropy in the pseudogap state in contrast to the “hourglass” dispersion observed in the
superconducting state [39]. The qualitatively different behavior between the superconducting and
the pseudogap states suggests different mechanisms. Motivated by the experimental observations,
we study the spin susceptibility of the three density wave orders mentioned above with hopping
anisotropy, which breaks () rotational symmetry and mimics an “electron nematic” state, which
is a collective phenomenon not described by the density functional theory [52, 32, 107]. Here
we consider a phenomenological model [111], where we set the hopping terms to be anisotropic
along a and b axes, and study the energy-momentum dispersion relations of the dynamical spin
susceptibility. The explicit calculation involves random phase approximation (RPA) that has been

widely discussed in the literature; for some representative papers, see Refs. [90, 25, 89, 44].

The structure of this chapter is as follows: in Sec. 2.2, we sketch the calculation of the spin
susceptibility and discuss the numerical results of the sSDDW order. In Sec. 2.3, we discuss the
numerical results of the tDDW order. In Sec. 2.4, we also discuss the numerical results of the

SDW order.

2.2 Spin susceptibility: singlet d-density wave order

In this section we set up the calculation of the spin susceptibility using SDDW as an example. In
the following sections, we will give the results of the other order parameters. To capture the in-
plane anisotropic feature of the pseudogap state in the neutron scattering experiment, we consider
the sDDW order with anisotropic hopping terms. In the momentum space, the order parameter can

be written in terms of the fermion operators as

(ch i 0.aths) < i0a5Wi (2.1)
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with W, = %2[cos(k,a) — cos(k,b)], where a and b are lattice constants. For orthorhombic

YBa,;Cu30¢6, a and b are unequal, but the difference is very small. (a = 3.82 A, b=387A)

The two-dimensional mean-field Hamiltonian will be

Hopw = Z Z <€/€CLUC}€7J + 6]€+QCL+Q’UC]€+Q7O' + iWkCLUck—FQ,a + h.c.) , 2.2)
o k

where the summation is over the reduced Brillouin zone (RBZ) bounded by (k,b) + (k,a) = £,

Q = (7/a,m/b) is the nesting vector, and €5 = €y, + €, with [77]

eir. = —2t[(1+47r)cos(kza) + (1 —r)cos(k,b)], (2.3)

€ak 4t' cos(kya) cos(kyb) — 2t" [(1 + ) cos(2k,a) + (1 — 7) cos(2k,b)] — p.  (2.4)

For r # 0, we have anisotropic hopping terms which breaks fourfold rotational symmetry. Note
that although the anisotropy also modifies the next-nearest-neighbor hopping, it is simply a param-
eter and is lumped into the definition of ¢ in our model. The eigenvalues of the Hamiltonian are

/\k;,:l: = €9k + Ek with Ek = G%k + Wk2

The one-loop spin susceptibility in the momentum and Matsubara frequency space is defined

as, NV being the number of lattice sites,

ij . 1 g wn T i j
X (q,q iwy,) = N, dre™" (TS (1)S” ), (2.5)

where i, j = z,y, 2, 5 = 1/kgT, T is the imaginary time, T, is the time-ordering symbol, and the
spin operators are

52 3 chogo i 29

!
k,o,0

Here 6, are the Pauli matrices with spin indices o and ¢’. We can define the longitudinal and the
transverse susceptibilities as x&*(q, ¢, w) and x¢ (¢, ¢, w), respectively, with S;t = 57 £iS) and

analytic continuation, iw, — w + 0.

In the density wave systems, the Green’s functions form matrices

. ok, k,iw, ok, k+ Q,iw,
Ckyion) = |7 ( ) 9ol Qi) , 2.7

9ok + Q. k,iwn) g-(k+Q,k+ Q,iwy,)
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where
G
0, K iton) = — / dre ™ (T, 0 (1)l ). 2.8)
0
The one-loop spin susceptibility also has diagonal and off-diagonal terms
XSZ(% ql7 Z'Wm) = 6q,q’XZd§ag<Q7 Z.(f‘-’m) + 6q,q/+QXZOfo(Q> Z-Wm)a (2.9)
Xa__ (q’ q/’ lwm) = 6q,q’X:1_i_ag(Q7 Zwm) + 5q,q’+QX4O_fo<Q7 iwm)a (210)

where the subscripts “diag” and “off” refer to the diagonal and off-diagonal terms of the one-loop

spin susceptibility, respectively.

With a quadratic Hamiltonian, these terms can be written in terms of the Green’s function

matrices by applying Wick’s theorem [9] , and we have

: ]‘ A . . A .
Xdiag(® m) = G > " TG (k + q.ien + iwn) Gk d€a)], 2.11)
k,n,o
- 1 A . . A .
Xoff(a: iwm) = BN > [Golk + g ien + iwm) Gk, ien) 1, (2.12)
ko 7l
+-— . o 1 T G k‘ . . é ]{3 . 2 13
Xdiag(q’lwm) o B_Nkzz 1"[ T( +q, 1€, +Zwm) i( 72671)]7 ( . )
o 1 . L
ngf(q, W) = B_N Z Z[GT(k + q, i€y, +iwn)G (K, de,)] 1, (2.14)

ko j#l
where Tr is the trace, and éa(k, i€,) can be obtained from the Hamiltonian.

For the sDDW order, the up-spin and down-spin components are identical. For o =1 or |, we

have

1 1€ + €1k — €2k ZVV].C

Golk,ie) = — . (2.15)
<Z€ N €2k>2 o E]% —ZWk 1€ — €1k — €92k
Therefore, we have
X0 (0,4,w) = OgqXdiag(?w) + dqq+QXoff(: W), (2.16)
- 1 zZz
Xo (@:d'w) = x5 (a,qw), (2.17)
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where

Xdiag(¢,w)
_r <1  €1k€lktqg T Wka—i—q)
N2 ErEpay

X

nr(en + Ei) — np(€opsq — Ervq) | nr(eor — Ex) — np(€artq + Ertq)
W — € — Ek + €2%k+q — Ek+q + 10 W — €9 + Ek + €2k+q + Ek;Jrq + 0

—l—i Z (1 | E1k€lhrg + Wka—i-q)
N2 ErErry

" [TLF(E% + Ey) —np(€okrq + Errq)  nr(ear — Ex) — np(€opyq — Ek+q>:|
w— €k — By + €oprqg + Eppq +10  w— € + Ep + €oppg — Epgg +10]
(2.18)

Xoff(q: w)
_ b Z (_Elka+q + 51k+qu>
N2 ErErrg
" [_ np(ew + Ex) — nr(eantq — Errg)  nr(éar — Ei) — nr(€oprg + Eig)
w— €y — Ep + €oppqg — Ergqg +10  w— o + By + €opyq + Epyg +140
np(er + Ex) — nr(ekig + Erig) | nr(ear — Ex) — npl€onig — Erig)

w— €y — Ep + €oprg+ Eryg+10  w— €+ Ex + €oprg — Eprg +90]
(2.19)

where np(E) is Fermi-Dirac distribution function, and § is set to 0.06¢ for the numerical cal-
culation in order to obtain smooth curves. Notice that, for the sDDW order, x§*(q,¢',w) =

2xg (g, ¢',w) because up-spin and down-spin parts of the Hamiltonian are identical.

Applying random phase approximation, we obtain the RPA susceptibility [90, 17]

~2zZ )A(Sz(qa q1, W)

Xipal(0, ¢ w) = — (2.20)
qzl I— Ung(QL q/a w)

~4— / )A(E)i__ (CZa wa)

Yealad,w) = 2.21)

q j_ U)Z(Ti(QMqu)

where & (q,q',w) and X¢ (¢, ¢, w) are the 2 x 2 matrices from Egs. (2.16) and (2.17), respec-
tively. For the numerical calculation, we compute the imaginary part of the diagonal terms of the

RPA susceptibility (¢ = ¢).
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For unpolarized measurements, the scattering intensity / contains both the spin-flip and the
non-spin-flip channels, I oc (y** + 2x*7)/3. However, we will present the longitudinal and
transverse susceptibilities separately so that it can provide more information about the polarized

neutron scattering experiments, which may be achieved in the future.

For illustrative purposes, we set t = 0.15 eV, ' = 0.32t,t" = 0.1t [3, 77, 28,27, Wy = U =
0.65t, r = —0.1 [111], and kT = 0.05¢. The chemical potential is set to 4 = —0.805¢ in order to
obtain a hole doping level of n;, ~ 10.07%, approximately the doping level in the experiment [39].

Other similar choices of the parameters will not change the conclusions.

In Fig. 2.1, the constant energy cuts of the imaginary part of the transverse spin susceptibility
along a* axis for w < 0.6¢ are plotted. The results along b* axis are similar and are not shown here.
Away from ) = (7/a, 7/b), the magnetic excitations are peaked at the incommensurate positions
(gza, q,b) = (m £ 0,4, ) and (7, m £ J;), where we define the incommensurability 6, and J;, along
a* and b* axes, respectively. From the numerical results, one finds that ¢, and ¢, are weakly energy
dependent, similar to the inelastic neutron scattering experiment [39]. Furthermore, a prominent
anisotropy in the incommensurability J, < d, can be seen. With the hopping anisotropy r = —0.1,
we obtain d, ~ (0.304+0.01)7 and J, =~ (0.235+0.015)7, which gives d,/d, ~ 0.78, which would

be again similar to d,/d, ~ 0.6 reported in the neutron scattering experiments [39].

One may further adjust the parameters of this model to fit the experimental data, but that is
not the goal of this work. We have varied the chemical potential, x4, to check how the dispersion
relations vary with hole doping; results for different doping levels are qualitatively similar. In
the doping range 8% < n;, < 20%, there are always weakly energy-dependent incommensurate
excitations, and the incommensurability J, and J, increase with increasing doping level n;, as

shown in Fig. 2.2.

Note that hopping anisotropy is not necessary for the existence of the nearly vertical disper-
sions. To demonstrate this, the numerical results with isotropic hopping are plotted in Fig. 2.3.
Here r is set to 0, 4 = —0.806¢, and the hole doping level is n;, = 10.03%. All the other parameters
are the same as in Fig. 2.1. One can still find nearly vertical dispersions with incommensurability

dq =~ (0.255 £ 0.015)7 even without the hopping anisotropy [45].
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Figure 2.1: Constant energy cuts of Imxﬁi)A(q,w) along «* axis when ¢, = /b and

0.1t < w < 0.6t for the sDDW order. The weakly energy-dependent incommensurate peak posi-

tions are marked with red dashed lines. The results of Imypp A(q, w) are similar and omitted.
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Figure 2.2: Doping-dependence of incommensurability J, and J,. Here p is adjusted to obtain

different doping levels, and all the other parameters are the same as in Fig. 2.1.
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Figure 2.3: Constant energy cuts of Imxiii, A(q, w) along a* axis when ¢, = m/b for the sDDW
order without anisotropies. Here r = 0, u = —0.806¢, and all the other parameters are the same as

in Fig. 2.1.
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The neutron scattering experiments show vertical dispersions in the energy range 30 meV <
w < 60 meV [39], and the numerical results exhibit a nearly vertical dispersions up to w < 0.6t =
90 meV with the chosen parameters, which are similar to experiments. It is interesting to see how
the excitation peaks evolve at higher energies, so in Fig. 2.4 we present the numerical results along
the a* axis for 0.7t < w < 1.4¢, where all the parameters are the same as in Fig. 2.1 except for the
energy w. The results along 0* axis are again so similar that they are not shown here. In Fig. 2.4,
one finds that the high energy spin excitations are strongly energy dependent. The incommensurate
peaks move toward ¢ = () in the range 0.7t < w < 0.9¢, and eventually disappear at w ~ 1.0t,
where the intensity around ¢ = () is enhanced. When w ~ 1.1¢, a central peak emerges at the
commensurate position ¢ = (). As the energies are further increased, the central peak splits into
two peaks deviating from () with incommensurability §, and J;, which are marked by dashed lines.
Unlike the low-energy incommensurability d, and dy, 0/, and 9, are energy dependent and increase
with increasing energies. Note that to observe §/, and J;, the neutron scattering experiment needs
to be performed with very high energies (w > 1.1¢ = 165 meV), or perhaps high-energy resonant

inelastic x-ray scattering can be of use [60].

The reason for the unusual vertical dispersions at low energies and a different behavior at high
energies can be understood by examining the imaginary part of Eq. (2.18). In this equation, the first
two terms are interband contribution arising from the scattering from the upper band (eo, + Ej) to
the lower band (eay,4 — Ej14), and the scattering from the lower band (ea;, — E}) to the upper band
(€2k+q + Eji1q). The last two terms, on the other hand, are intraband scattering. For the purpose
of illustration, an example of the band structure and the scattering process is plotted in Fig. 2.5,

where the interband and intraband scattering are shown with arrows.

The interband and intraband terms of Eq. (2.18) for 0.1¢ < w < 0.6t are plotted in Fig. 2.6
and Fig. 2.7, respectively. The results for higher energies 0.7t < w < 1.4¢ are not shown because
they are very similar. From Fig. 2.6 and Fig. 2.7, one finds that the intensity near ¢ = () is mainly
from the contribution of the interband terms, whereas the contribution of the intraband terms arise
when ¢ is away from (). From Eq. (2.18), we can see that at ¢ = (), the intraband terms vanish

and only the interband terms contribute, leading to magnetic excitations peaked around w ~ 1.1%.

22



—w=0.7t
i —w=0.8t
4 5 — w=009t
: —w=10t
- w=l1t
—w=12t
—w=13t
— w=1l4t

2 1%

Figure 2.4: Constant energy cuts of Imxﬁi)A(q,w) along a* axis when ¢, = /b and
0.7 < w < 1.4t for the sDDW order. The energy-dependent incommensurate peak positions

are marked with blue dashed lines.
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Figure 2.5: Energy spectrum (\; + + p1) of the SDDW system as (k,a, k,b) goes along the route:
(0,0) — (m,0) — (m,m) — (0,0). The blue (red) arrows indicate the interband (intraband)
scattering, and the brown line is the chemical potential x. The parameters are the same as in

Fig. 2.1.
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In the vicinity of ¢ = (), interband terms still dominate, and we may expand them to first order in

dq = |¢ — Q] and obtain

—T
N [np(€ar + Ey) — nr(€myq F Erig)] 0w — €ar F By + €ar1q F Erig)
k
T . onp(E
~ NZ np(ew F Ey) — np(en £ Ey) + Vi(ew T Ey) - 0q (I;é ) ]
k E=eo FE)
X(S((,U + 2Ek + ﬁk((?gk F Ek) . (5(]), (222)

which will be peaked at ¢ = (£2F; —w)/ [ﬁk(egk T Ek)} . However, for low energies, the energy
conservation condition cannot be satisfied unless F is very small, which diminishes the difference
between the Fermi functions and thus suppresses the intensity. Therefore, there is no enhanced
peak in the vicinity of ¢ = () for low energies. For higher energies, the energy conservation factor
will be satisfied, and the intensity at the incommensurate positions (¢/, and ;) will be enhanced

and the excitation peaks can be seen as w > 1.1¢ in Fig. 2.4.

In contrast, away from g = (), the intraband terms dominate. The peak positions of the energy
conservation factor, §(w — €a, F Ey + €ap44 = Eiyq), move away from () with increasing w. On
the other hand, the coherence factor [1 + (€1x€144+q + WiWiiq)/(ErEk1,)] vanishes at ¢ = @) and
develops with increasing |¢ — @|. For the chosen parameters, the energy dependence of these
two opposite effects almost cancels out in the energy range 0 < w < 0.6¢, leading to the weakly
energy-dependent positions of local maxima (9, and d,) as in Fig. 2.7. Such a dispersionless feature
is sensitive to the parameters because it depends on whether the contribution of the intraband
terms overcomes that of the interband terms away from (). The nature of the excitation peaks
due to the interband terms is distinct from the intraband terms. The dominant contribution of the
interband terms are determined by the energy conservation factor and the Fermi functions, leading
to sharper excitation peaks at (7w £ ¢/, 7) and (7, 7 £ §;), whereas the intraband terms also depend

on the coherence factor, resulting in relatively broadened local maxima instead of sharp peaks at

(m £ 84, ) and (7, 7 £ ).
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Figure 2.6: Constant energy cuts of the interband terms of Ideiag(q> w) in Eq. (2.18) along a*

axis when ¢, = 7/b for 0.1t < w < 0.6t.

2.3 Triplet d-density wave order

We now consider the tDDW order, and choose the spin quantization axis to be the z axis without

any loss of generality, that is,
(Chs0aCrs) o< i(d - Gag) Wi = i(% - Gap) Wi (2.23)
The tDDW mean-field Hamiltonian is therefore

Hippw = Z Z <€k02700k,a + ek+QcL+Q,Uck+Q7J + iachLUckJFQ,U + h.c.) , (2.24)
o k

which has the same eigenvalues as the sDDW Hamiltonian.

For the tDDW order, the Green’s function matrices become

N 1 1€ + €1}, — €95 oWy

G,(k,ie) = —
O’( ) ) (’LE — 62k>2 - E]% —ZUWk 1€ — €1k — €2k ’

(2.25)

26



0.75‘ =
0.6F 1 w=01t
n:|3b 0.5; f — w=02t
él? 04, 7 — w=0.3t
% 0.3F , — w=0.4t
§ E E — w=0.5t

0.2- ]

E r ]
- , 1| w=06t

0.1/ \ y ]

L \ N 24 1

0.07\ L L L | L \\ L L ', L L L L L 171

0.6 0.8 1.0 1.2 14

Oxa/m

Figure 2.7: Constant energy cuts of the intraband terms of Ideiag(q> w) in Eq. (2.18) along a*

axis when ¢, = 7/b for 0.1t < w < 0.6t.

27



where o = 41 for up-spin and 0 = —1 for down-spin, and the spin susceptibility will become

XSZ(Q7 q,7 W) - 5q,q’XZd§ag(Qv (U), (226)

Xo (4:4,w) = O0qXging (4 W) + e+ opp(d: W), (2.27)

where Xziziag (q,w) is the same as Xdiag (¢,w) in Eq. (2.18),

X iag (1)
_ Z | _ Cik€litg — WiWiiqg
2N 2 ErErrg

" {HF(G% + Ey) — np(€ntq — Ertq) | nr(esr — Ey) — np(eaprq + Ek+q>:|
w— € — B+ €oprg — Ejyqg +10  w — €9 + B + €94 g + Eipg + 10

1 €1k€1ktq — WilWiig
— 1
oN Z ( T BB,

" ”F(€2k + Ey) — np(ekig + Frig) | nr(ear — Ex) — npesnyg — Erig)
w— € — By + €oppg + Epyg +10  w— € + By + a4 — Epyq + 10
(2.28)

and

w)

(
—t Z €kWhaq + €1kt-qWh
2N 2 ErErrg
+

€2k + Ek) — np(€ontg — Erg)  nr(ean — Ei) — nrp(€anrq + Ersg)
W€ — B+ €oprq — Epyq +10 W — €gg + By + €oppq + Bprg +10
np(er + Ex) — nr(eig + Errg) | nrlear — Ex) — npleorig — Erig)
w— €y — Ep + g+ Eryg +i0  w— €+ Ej + €opyg — Epyg +190
(2.29)

The RPA susceptibility of the tDDW order will be

Xo7 (¢, 4, w)
1-— UXSZ(CL qla (,d)

/\Jrf
~At— / Xo <q7q17w)
Xrpa (0,4, w) = — : (2.31)
qZII—UXE]’— (QIaQ'M})

Xipa(a: ¢’ w) (2.30)

where x&*(q, ¢, w) is from Eq. (2.26) and X7 (¢, ¢',w) is a 2 x 2 matrix from Eq. (2.27).
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The constant energy cuts of the imaginary part of the spin susceptibility of the tDDW order
along a* axis are shown in Fig. 2.8. The hopping anisotropy r is set to 0 for simplicity and
the parameters are the same as in Fig. 2.3. The longitudinal susceptibility behaves similar to
the SDDW order, whereas the transverse susceptibility is significantly different in the vicinity of
¢ = Q. In comparison with the SDDW order, the intensity of Imy5, (¢, w) of the tDDW order
is suppressed in the vicinity of ¢ = (). The intensity exhibits a V-shaped curve around ¢ = () at
w = 0.1¢, which evolves gradually to a U-shaped curve at w = 0.6¢. Here we can also see the nearly
vertical dispersion of the incommensurate spin excitations 6, ~ (0.255 4+ 0.015)7. Notice that for
unpolarized measurements, with I oc (x** 4+ 2x77)/3, there will still be the vertical dispersion
away from g = Q.

The difference between the SDDW and tDDW order is that in Xgialg(q’ w) of the tDDW or-
der, Eq. (2.28), the W, W}, term of the coherence factor changes sign and reduces the interband
contribution. As a result, the intensity in the vicinity of ¢ = () is suppressed. The significant
difference between the transverse and the longitudinal susceptibilities should permit one to dis-
tinguish the singlet and the triplet orders in spin-polarized measurements. On the other hand, the
sign change of W}, W}, does not affect the intraband terms as much as the interband terms, so the

nearly vertical dispersions due to the intraband contribution can still be seen away from ¢ = Q).

2.4 Spin density wave order

Finally, we also consider the SDW order, which has the order parameter
(Chigaths) o (2 Fag) Ay (2.32)

The SDW mean-field Hamiltonian will be
HSDW = Z Z <6;€CL7aCk,a + €k+QCL+Q,U'Ck+Q10' -+ O-ASCL7UC]€+Q,U + h.c.) s (2.33)
o k

where the eigenvalues now become X; . = ey, &= E}; with Ef = /€], + A2,
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Figure 2.8: Constant energy cuts of Imygp (¢,w) (upper) and Imxﬁi)A(q,w) (lower) for the

tDDW order along a* axis when g, = 7/b. The parameters are the same as in Fig. 2.3.
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For the SDW order, the Green’s function matrices become

. 1 1€+ €1 — € o\,
G (k,i€) = — S e (2.34)
(i€ — ear)® — (E}) o\, 1€ — €1} — €9k
The longitudinal and transverse spin susceptibility are
¥4 / . ¥4
XO (Q7 q ,W) - 5q,q’Xdiag(Q7 W), (235)
Xo (4:4'9) = OoaXging (4 @) + Saa+aX g0, @), (2.36)
where Xziziag (q,w), X:ii_ag(q, w), and x| ¢(g,w) now become
_ 1 — €1kClk+g T By + A
ESEIerq
np(ea + E7) — npleanrg — Bpyy) | nrlean — BY) — np(eansg + Eiy)
w— €y — B + €apyg — E,§+q +i0  w— e+ EY + €oprg + E,§+q + 10

€1k€1k+q + A?
Z ESES

k k+q

o | melen Ep) = np(eaniq + ERyy) | nrlear — EY) — npleanrg — By ,)
w— € — B +eoprgt Ep L, +10  w— e+ E] +enyg— B, +10

(2.37)

Xdiag )

1 €1k€1ftq — A2
= — 1 ROkt P

k+q

y np (€ + Ek) — np(€ariq — Biyy) N nr(ear — EY) — nr(eaniq + Eiyy)
w— e — B +eoprg— By +10  w— e+ B + eonyg + B, + 00

1 €1k€1krq — A2
= 1 4 SkClktg — B
+2N Zk: ( + ESES

k+q

o | e + Ei) — np(eang + ERyy) | nrlear — BY) — npleang — Eyy)
W — €9 — E,f + €2k+q + E]‘j+q + 30 w — €9k + E,f + €2htq — Elirq + 10

(2.38)
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and

Xoft (@)
A, < —E7 + Ek ) np(ear + E;) — np(€aprq + Elf—i—q)
Ep —

2N ESE,f+q w+62k+E,f—62k+q—E,f+q+i§

k+q> nr(ear — E;) — np(eang — Eks+q)

+ < ESES W+ €9 — Elf — €2k+q -+ Eg—i-q + 10

<ES + Ek+q> np(ear + Ey) — np(eanig — Eiyy)

ESEE+q W+ €91 + E,:? — €2k+q + El?—l—q -+ 10

+

S S
_ (ES + E5+q) nr(en = Bp) = neleansg + By (2.39)

ESE]§+q W + € — Eks — €2k4q — Elf—l—q -+ 10
The RPA susceptibility of the SDW order is in the same form as the tDDW order in Egs. (2.30)

and (2.31).

The constant energy cuts of Imx7i4 (¢, w) and Imx;ip, (¢, w) for the SDW order along a* axis
are plotted in Fig. 2.9. Here we set the SDW gap to be A, = 0.65¢ and © = —1.026¢. The hole
doping level is n;, = 10.02%. The results are interesting: Imy&5a (g, w) and Imygipa (g, w) for
SDW order seem to be ‘interchanged’ in comparison with those for the tDDW order in Fig. 2.8. In
addition to this interchange, there is also a difference in the intensity around ¢ = () between tDDW
and SDW, which could be observed if spin-polarized experiments with high resolution could be
achieved, although one cannot be sure because of the non-universal nature of this difference. Away
from ¢ = (), we can also see the vertical dispersions of the incommensurate spin excitations with
0, ~ 0.287. Again, for unpolarized measurements, there will still be the vertical dispersion away

from ¢ = Q.

To understand the swap of the susceptibilities between tDDW and SDW, we should compare
Eq. (2.18) and Eq. (2.28) for the tDDW with Eq. (2.37) and Eq. (2.38) for the SDW; we can see that
at ¢ = Q, WyWy, = —W}? in tDDW, and this leads to a minus sign, while A% in SDW does not.
Therefore, the form of the coherence factors of SDW is opposite to tDDW in the vicinity of ¢ = Q).
As a result, the intensity of Imyfipa (¢, w) for SDW in the vicinity of ¢ = @ is enhanced due to
the dominant interband contribution, whereas the intensity of Imy%p, (¢, w) is suppressed in the

vicinity of ¢ = (). Thus, the difference in coherence factors leads to the “interchanging” behavior
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between tDDW and SDW; the different momentum dependence of the order parameters also leads
to distinct momentum dependence around ¢ = (). Away from ¢ = (), on the other hand, both

Imyipa (¢, w) and Imy3E,, (¢, w) show vertical dispersion relations due to intraband contributions.

2.5 Conclusion

In conclusion, we have attempted to provide an explanation of a recent neutron scattering mea-
surement in an underdoped high-temperature superconductor, which points to the fact that the
pseudogap state is not a continuation of the superconducting state below 7. The salient feature is
a vertical dispersion seen above 7. in the spin excitations, as opposed to an hourglass shape disper-
sion seen below 7. We have also explicitly checked that the consistency with experiments does not
require any fine tuning of the parameter. In fact, as demonstrated, the vertical dispersion observed
in our calculation does not require a-b anisotropy (see Fig. 2.3); of course, on phenomenological
grounds, anisotropy should be included, as it has been included here. Note that our peaks appear

to be sharper than those observed in experiments.

Although couched in the language of Hartree-Fock theory augmented by RPA, a thorough
analysis of the properties of various alternate order parameters should be a useful guide. We
also checked a band structure to contain electron pockets as well, but the robust aspects of the
conclusions were unchanged. The vertical dispersion feature appears to persist in the doping range
8% < nj < 20%. At higher energies, we find energy-dependent incommensurability due to
the interband contributions. We also contrast the spin dynamics of the tDDW and SDW orders,
which exhibit different features around ¢ = (), which could, in principle, allow one to identify the
spin nature of the underlying phase in a spin-polarized neutron scattering experiment with high
resolution. The transverse and the longitudinal spin dynamics are interchanged between SDW
and tDDW. In principle, a whole class of higher angular momentum particle-hole condensates are
possible. Experimental evidence of these order parameters should be a major step forward. The
tDDW is such an unconventional hidden order that its discovery would be of great importance.

Note that tDDW is even invariant under time reversal.
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Figure 2.9: Constant energy cuts of ImxﬁPA(q,w) (upper) and Imxﬁi) A(q,w) (lower) for the
SDW order along a* axis when ¢, = 7/b. Here A, = 0.65¢, 1 = —1.026¢, and the other parameters

are the same as in Fig. 2.8.
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CHAPTER 3

Topology of the mixed singlet-triplet d-density wave state

3.1 Introduction

In a recent paper, Nayak [71] provided an elegant classification of density wave states of nonzero
angular momentum. The surprise is that given the roster of the multitude of such states, so few are
experimentally observed. Of these, the angular momentum ¢ = 2, spin singlet has taken on a spe-
cial significance in the context of pseudogaps in cuprate high-temperature superconductors [13]. It
breaks translational symmetry and gives rise to a momentum-dependent d,2_,2 gap. The so called
singlet d-density wave (sDDW) order does not modulate charge or spin, but produces staggered
circulating charge currents from plaquette to plaquette much like an antiferromagnet. In its pristine
form, in the half-filled limit, that is, for one electron per site, the Fermi surface of SDDW consists
of four Dirac points and is therefore a semimetal. This broken symmetry state has inspired much
effort in characterizing the pseudogap as a phase with an order parameter distinct from a fluctuating

superconducting order parameter.

Presently, it appears from many experiments that the pseudogap may be susceptible to a host of
possible competing orders [105, 62, 1, 16, 29, 8]. Thus it is important and interesting to explore an
order parameter closely related to the SDDW, which retains many of its primary signatures, such as
the broken translational symmetry or a particle-hole condensate of higher angular momentum. In
particular we consider a density wave of nonzero angular momentum of mixed singlet and triplet
varieties such that in the half-filled limit, it is a gapped insulator. Unlike the semimetallic SDDW,
it has a nonvanishing quantized spin Hall effect for a range of values of the chemical potential.

This is in fact a topological Mott insulator [80] because it is the electron-electron interaction that
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is necessary for it to be realized. Further addition of charge carriers, doping, leads to Lifshitz

transitions destroying the quantization but not the very existence of the spin Hall effect.

It is remarkable that such an unconventional broken symmetry, possibly relevant to high-
temperature superconductors, belongs to the same class of recently discussed novel state of matter
known as topological insulators; in fact, our work is to some extent motivated by these recent devel-
opments [35, 79]. We wish to emphasize that the undoped parent compounds of high-temperature
superconductors are proven to be antiferromagnets with sizeable moments and the spin density
wave transforms according to ¢ = 0 [11]. The proposed topological density wave should therefore
be relevant at larger doping that perhaps originates from a nearby insulating state. In no way is this

different from the original suggestion of the sSDDW order.

It has been known that triplet i0d,2_,2 order parameter corresponds to staggered circulating
spin currents around a square plaquette [73], wherein the oppositely aligned spins circulate in
opposite directions, as shown in Fig. 3.1. This reminds us of topological band insulators where
oppositely aligned edge-spins travel in opposite directions. However, there is no topological pro-
tection because the bulk is not gapped, but is a semimetal instead. A more interesting case is the
order parameter (iod,2_,2 +d,,), where 0 = %1 for up and down spins, with the quantization axis
along Z. Such a mixed singlet-triplet d-density wave (st-DDW) state not only satisfies time-reversal
invariance but is also fully gapped, analogous to time-reversal-invariant band insulators discovered
recently [47, 48]. A singlet chiral (id,2_,> + d,,) density wave that breaks macroscopic time-
reversal symmetry was employed to deduce a possible polar Kerr effect and an anomalous Nernst
effect [96, 113, 53, 54] in the pseudogap phase of the cuprates. Another topological state with a

different symmetry of the order parameter was discussed in Ref. [83].

As to topological properties of superfluids, we refer to the book by Volovik [101]. Supercon-
ductors are particle-particle condensates, and, as such, the orbital wave function constrains the spin
wave function because of the exchange symmetry. What we are discussing here are particle-hole
condensates, and there is no exchange requirement between a particle and a hole. Thus, the orbital
wave function cannot constrain the spin wave function. Thus an orbital wave function with even

parity can come in both spin-singlet and -triplet varieties.
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The plan of this chapter is as follows. Section 3.2 is divided into three parts. Section 3.2.1
discusses the topological aspects in the absence of magnetic field, while Sec. 3.2.2 contains results
for a perpendicular magnetic field. Section 3.2.3 consists of a thorough discussion of the bulk-edge
correspondence that follows from topological considerations. In Sec. 3.3, we discuss Fermi surface
reconstruction via a Lifshitz transition as the system is doped. In Sec. 3.4, possible experimental
detection schemes are suggested. The symmetry of the order parameter that we have introduced
is such that the necessary experimental techniques are more subtle than the detection of more

common broken symmetries, such as spin- or charge-density waves.

I L L L L RS - m mommmmmom md

<

Figure 3.1: Triplet iod,>_,» density wave in the absence of an external magnetic field. The current
pattern of each spin species on an elementary plaquette is shown. The state is a semimetal. On the
other hand, iod,2_,2» + d,, can be fully gapped for a range of chemical potential. An example is

shown in Fig. 3.2.
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3.2 Order parameter topology

3.2.1 Zero external magnetic field

The order parameter that we consider is
<Cl]::+Q,UCk,0"> = [(I)u(k>7—u]oa’; (31)

where CJ]L »(Cr,o) 1 the Fermion creation (annihilation) operator with momentum £ and spin com-
ponent o; o = 0,---3; 71, T2, and 73 are the standard Pauli matrices and 7, = I is the identity
matrix. The nesting vector Q = (w/a, 7 /a). We choose the components of the order parameter to

be

P3(k) i%(cog ky — cos k) = iWj, (3.2)
PY(k) oc Agsink,sin ky = Ay. (3.3)

and the remaining components are set to zero. The right-hand side is written in terms of the
gap parameters and the conversion involves suitable coupling constants, which we do not need to

specify in a non-self-consistent Hartree-Fock theory. The lattice spacing a is set to unity.

In the absence of an external magnetic field, the st-DDW Hamiltonian is
Hge.ppw — 1N = Y WA, (3.4)
k

where the summation is over the reduced Brillouin zone (RBZ) bounded by k, + k, = £, and
the spinor, Wl is defined as (c,tm, c}; O cL Ir c,t 10, $). The chemical potential is subtracted for

convenience, /N being the number of particles. The matrix Ay is

A —iWy € — 0 0
A, = k ko €kt — M ’ (3.5)
0 0 € — U Ay — Wy,
0 0 Ak + ZWk €k+Q — M

with a generic set of band parameters,

€y = €1 T €2 (3.6)

eir = —2t(cosk, + cosk,), €y = 4t' cosk, cos k. (3.7)
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We may choose ¢ = 0.15 eV, renormalized by about a factor of 2 from band calculations [3, 77,
28,27],t = 0.3t,and Wy ~ —Ay ~ t ~ J, where J is the antiferromagnetic exchange constant
in high-temperature superconductors, for the purpose of illustration. Each of the two 2 x 2 blocks
can be written in terms of two-component spinors, ¥, = (Cr.0» ck+Q,0)T, o==41=(1,]); for

example, for the up spin block we have
M= O, [(ear — )" + et + A7' = Wir®] s (3.8)
k

The eigenvalues (= refers to the upper and the lower bands, respectively)

>\k,:|: = € — U + Ek, Ek = \/E%k + Wk? + Ai (39)

are plotted in Fig. 3.2.

ak,

Figure 3.2: Energy spectra \; + + p of the st-DDW state. Here, for illustration, we have chosen
Wy = t, Ay = —t and the band parameters, as described in the text. For the chemical potential 1
anywhere within the spectral gap, the system is exactly half-filled and is a Mott insulator, unlike

the semimetallic sSDDW at half-filling.

Since up- and down-spin components are decoupled, the Chern number for each component
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can be computed separately. Note that while the (eg, — 1) term is present in the eigenvalues, it does
not enter the eigenvectors, because the identity matrix commutes with the Pauli matrices. After

diagonalizing the Hamiltonian, we can obtain the eigenvectors

‘Cba',i(k)) — (uieiUGk/Q’,Uiefioﬂk/Z)T’ (3.10)
where

2 1 €1k

ur = 5 lifk : (3.11)
1

vio= 3 <1 ¥ ;l—:) , (3.12)
0, = arctan (%) + 71O(—Ag), (3.13)

k

where O(z) is Heaviside step function.

—

To compute the Berry phase of the eigenstates, we define the Berry curvature, €, 1 as
Oy s =i X (Dot (K) |V | ot (K)) (3.14)
Substituting the eigenstates into the above equation, the Berry curvature can be written as
= R 2 2\ . 91@
Qox = iV, X |(ug — 1)V o5 )| (3.15)

Since 4, v+, and 6, only depend on k, and k,,, only the 2 component, €2, , is nonzero, which

Q. — 2|0 ()% O (e OO
o+ = 19 ok, \E, ) ok, ok, \E; ) ok,

Ay Wi ey

is given by

1 OA,  OWy  Beis
— . 3.16
2D ke Oky  Oky (3.16)

0Ny Wi  Dey
Ok, Oky Ok

= =0

From the above determinant, we can see that the Berry curvature will be zero if one of A, and
W), is zero, so we need a mixing of the d,2_,» and d,,, components to have a nontrivial topological

invariant.
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If we define the unit vector 7, = hy / ]ﬁg| with the pseudospin vector hy = (Ag, =Wy, €1),
the Berry curvature can be written as

1
QJ,:I: - :F_ﬁa'(

(3.17)

on,  Ong >
X :
2

Ok, Ok,
Now we will show that the Chern number for a general two by two Hamiltonian, which can
be written in terms of the pseudospin vector (e.g. EU in this case), is quantized [81]. The Chern

number, which is the Berry phase divided by 27, can be written as

d2k
Na,ﬁ: = / — 0
RBZ 27

d%k on on
_ A g 7). 1
:F/RBZ ir <8kx % aky) (3.18)

Since n,, is a unit vector with three components, it can be parametrized with two variables, the

polar angle and azimuthal angle; that is,
Ne = (sinf, cos,,sinb, sin ¢, cosb,), (3.19)

where 0, € [0,7) and ¢, € [0, 27). By utilizing the chain rule, we obtain

o . [(0n, 00, On, 06, Oty 80,  Oity O,
Now = Fo fopy O e [(aa, ok, | 0o, ak:) 8 (aaa ok, " 99, Ok,

L Phi (ang . ang) (aeg 06, 00, a@)

ir JRBZ 90, = 0b, ) \ Ok, Ok, Ok, Ok,
1 dh, On
- T db,dd, ny - | —= 7, 3.20
T Jig 10" (800 Xa%) (320

where in the last step we change the integral from k-space to the internal space of 7,,, and we also

use the Jacobian of the change of variables from (&, k,) to (6,, ¢,); in other words,

90, 90,
dbydo, = dk,dk, j‘z 32 : (3.21)
Bk,  Oky

To proceed, we may use the following relations.

Do A

— 22
a6, 0, (3.22)
Oy o
el sin 6, ¢,. (3.23)



Therefore,
1 .
Noe+ = F— [ db,do,sinb,
— 37— [ aoi (3.24)

where dQ(i,m is the differential solid angle in the internal (pseudospin) space. Since the above
integral is the solid angle spanned by the unit vector n,,, which is a multiple of 47, N, . is therefore

an integer.

For the st-DDW Hamiltonian, the Chern numbers are

d?k tWo A
N,. = Zo / — 03 % (sin? k, +sin® k, cos® k)
’ RBZ 27 Ej

to, if tWyAy 0,
- 080 # (3.25)
0, iftWyA = 0.

We can focus on the lower band as long as there is a gap between the upper and the lower

bands. Then,
Niotat = Ny—- + N =0, (3.26)
Nspin = Ny_—N_=(-1)—1=-2, (3.27)

irrespective of the magnitudes of the dimensionful parameters. Note, however, that the Chern
numbers vanish unless both A and W, are nonvanishing. The quantization holds for a range of

chemical potential y, as can be seen from Fig. 3.2.

For the fully gapped case, there will be a quantized spin Hall conductance associated with the
eigenstates. The ratio of the dimensions of the quantized spin Hall conductance to the quantized
Hall conductance should be the same as the ratio of the spin to the charge carried by a particle,

since in two dimensions for both quantities the scale dependence L2 cancels, that is,

spin [
o ] _ 3 (3.28)
[02y] €
So, the quantized spin Hall conductance will be
. 2
spin __ "Ry €
owy = =75 Nspin = 5 (3.29)
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U, (k)), are also the eigenstates of S* and S, with eigenvalues S? = % and

The eigenstates,
S. = —3%. Since the spin SU(2) is broken by the triplet component of the st-DDW order, one
might wonder if the Goldstone modes not contained in the Hartree-Fock picture may not ruin the
quantization. If SU(2) is broken down to U(1), then there is still a quantum number corresponding
to, say .S,, which is transported by the edge currents in the system. More succinctly, as long as
time-reversal symmetry is preserved, we will still have Kramers degeneracy in our Hartree-Fock

state, and therefore the edge modes will remain protected.

3.2.2 Nonzero external magnetic field

In an infinitesimal external magnetic field, H, there will be a spin flop transition in the absence of
explicit spin-orbit coupling, as shown in Fig. 3.3. We can assume H = H? and the spins quantized

along the 7 direction without any loss of generality. Then the Hamiltonian now becomes

Hs.ppw = O VLAY, (3.30)
k

As before, the summation is over the RBZ, and the spinor is the same. The matrix Aj, is now

€kt 0 0 Ak + ZWk
0 € —A, —iW, 0
Ay = et RO , (3.31)
0 —Ay +1Wy €| 0
Ay — Wy 0 0 €r+Q.1

where €, = €, + ag“gH = € + o7. Although the spin-up and -down components are coupled,

particles with momentum % and spin up only couple to holes with momentum %k + ) and spin
down, and vice versa. Therefore, by redefining the spinor, \I/;j = (c,TM, cz Ol cL g cL +Q,T>’ the
Hamiltonian can still be expressed as a block diagonal matrix: Hgi ppw = >k \IJ;TA;\I/;:. The
Chern numbers for each subblock, ¢ = 1, 2, can be calculated as before. Therefore, defining 7; = +

1 or-1fori = 1or2, we obtain Ej; = [(e1x + 1:v)? + W2 + A2]'/2, and the Berry curvature

1 - 0h; Oh
h

257" ok, < ok, (0-32)

Qi+ = F
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Figure 3.3: Spins are flopped perpendicular to the applied magnetic field H = H?. Contrast with
Fig. 3.1.
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where l_il = (n; Ay, =W, €1 + 1;7y). Performing a surface integration of the Berry curvature we get

d?*k
Ni,i = / Qz,
RBZ 27
= EnitWHA / ﬁ [sian + sin® k,, cos® k
"0 JRBZ 27E}, ! Y

_

cos k, sin® k, + sin® k, cos k,) | . (3.33)
4t Yy Yy

The =+ refers to the upper and the lower band, respectively. The integral does not depend on the

external field, nor on the magnitude of the parameters ¢, W, and A. The Chern numbers are

Ni,:l: = =, (3.34)
Niotat = Ni— + Ny =0, (3.35)
Ngin = Nio — N = =2, (3.36)

Once again the spin Hall conductance is quantized, but the charge quantum Hall effect vanishes.
The flopped spins carry the same current as before. The corresponding spin Hall conductance, as
long as the gap survives, is

spin e

0wy = g (3.37)

The eigenstates, |®; 1 (k)), are the eigenstates of S* with eigenvalues S? = %, but not eigenstates

of S, because of the mixing of up and down spins.

3.2.3 Bulk-edge correspondence

For the st-DDW order, the bulk-edge correspondence can be studied by open boundary condition
in the = direction but periodic boundary condition in the y direction, that is, by cutting open the
torus. The edge modes, if they exist, will reside on the ends of the cylinder. The cut then leads to

a Hamiltonian

cyhnder Z \Dzk Ayj(k Wk, (3.38)

ky 1,5
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where the spinor is U, = (Ci}kyTCi’ky_i_ﬂ—T,Ci’ky\LCi’ky_i_ﬂ—J,)T, and A;;(k,) is a 4N x 4N matrix

parametrized by the wave vector k,, which is given by

Tz(ky> Sij,T(ky) 0 0
Sto(k)) Tk, +7 0 0
AUU{,‘y) — Z],T( y) ]( Y ) ’ (3.39)
0 0 Tij(ky)  Sijy(ky)
0 0 Sjj7¢(ky) Tij(ky + )

where 7T;;(k,) and S;; »(k,) are N x N matrices,

—p —2tcosk, —t+ 2t cosky, 0
—t+ 2t cosky, —p—2tcosk, —t+2t'cosk,
Tij(ky) = 0 —t+2t'cosk, —p—2tcosk, —t+2t'cosk,

—t 4 2t' cos ky

—t+2t' cosk, —p—2tcosky

(3.40)
and
—2cos ky -1 0
1 2cos k, 1
Sijo(ky) = ia% 0 -1 —2cosk, —1
(—1)N-1
(—D)N (=1)V2cosk,
0 1 0
1 0 -1
+i%sinky 0 -1 0 1 . (3.41)
(=¥
(=¥ 0

The corresponding one-dimensional system with N sites depends on the band structure and the

order parameters defined above.

The eigenvalue spectra are shown in Fig 3.4. The spectra, degenerate for up and down spins,

are plotted in the range 0 < k, < 7 (k, < 0 can be obtained by reflection). To find the edge states,
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we choose the chemical potential in the gap. In Fig. 3.4, we put © = —0.075 eV for the purpose
of illustration. There are two edge states with positive group velocity, one with up spin and the
other with down spin. Let them be ¢~ ; and v |, respectively. There are also two edge modes
with negative group velocity denoted as ¢« ; and 1 | for up spin and down spin, respectively. By
explicitly computing the support of each of these wave functions, we have verified that electrons
in states 1. | and ¢ 4 are localized near the left edge of the system whereas those in states ¢ |
and 1~ 4 are localized near the right edge. The localization length of these states is essentially a

lattice spacing; an example is shown in Fig 3.4.

It is interesting to see how this spectra compare with the one where periodic boundary con-
ditions are applied in both = and y directions. After diagonalizing the Hamiltonian, we plot the
spectra for a fixed value of £, for all values of the energies. The results are shown in Fig. 3.5,

which are essentially identical to Fig. 3.4, except that the edge states are missing.

3.3 Fermi surface and Lifshitz transition

It is interesting to track the evolution of successive Lifshitz transitions as we change the parameters.
At first, when we lower the chemical potential, four hole pockets will open up in the full Brillouin
zone, as shown in Fig. 3.6, and the corresponding spin Hall effect will lose its quantization but
not the effect itself. However, in mean-field theory this cannot continue indefinitely with the nodal
or the antinodal gaps fixed, so the parameters W, and A, will also decrease and will lead to a
further opening of two electron pockets in the full Brillouin zone, as shown in Fig. 3.6. Ultimately,
when the doping is increased further, the large Fermi surface will emerge as a further Lifshitz
transition. There is good evidence that such Lifshitz transitions indeed occur in high-temperature

superconductors [61, 22, 21].
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Figure 3.4: (a) Spectrum of the st-DDW state on a cylinder. Parameters are ¢ = 0.15 eV,
t' = 0.3t,u = —0.075 eV, Wy = t, and Ay = —t. The subscripts L and R to the spins cor-
respond to left and right modes. (b) The probability density for positive group velocity for L and

R spins for a lattice of N = 100 sites.
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Figure 3.5: The bulk spectra for fixed values of £, with the same parameters, as in Fig. 3.4.
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Figure 3.6: Region plots (left) of the first Brillouin zone and energy spectrum (right) along the

triangular route indicated by the green arrows. Here, for illustration, we have chosen t = 0.15 eV

and ¢ = 0.3t. Top: as Wy = t and A,

= —t, and p = —0.075 eV, the spectrum is fully

gapped. Middle: when p is lowered to —0.16 eV, the hole pockets open up at (7/2,7/2) and

symmetry-related points. Bottom: W, = 0.05¢ and Ay = —0.5¢ decrease, leading to the opening

of two electron pockets at (7, 0) and symmetry-related points with enlarged hole pockets.
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3.4 Experimental detection

While there are many speculations about the nature of the pseudogap, they largely fall into two
categories: 1) it is a crossover between a Mott insulator and a Fermi liquid, without any sharp, co-
herent excitations, and 2) it reflects a broken symmetry, with quasiparticles due to a reconstructed
Fermi surface that, despite strong correlations in the system, can behave in many ways as weakly
interacting particles. The resolution of this dichotomy will ultimately be settled by experiments,
which, to date, have shown some support for both. In the absence of a definitive evidence one way
or the other, we have adopted the second perspective (to some extent motivated by recent quan-
tum oscillation experiments [61, 22]) to see what consequences there may be of having a broken
symmetry phase with sufficiently hidden order, in particular one that has striking similarities to

topological insulators.

A prime characteristic of a broken symmetry is that deep in the broken symmetry phase, an
effective mean-field, or a Hartree-Fock Hamiltonian, suffices in discussing the properties of matter,
and the symmetries alone determine the excitation spectra and the collective modes. Itis only in the
proximity of quantum critical points that such a description breaks down, but that is not the subject
of discussion here. Moreover, those properties that are determined by symmetries alone should
be robust and can be understood in the weak-coupling limit, simplifying our task of exploring

correlated electron systems.

The mixed st-DDW order parameters considered here are even more hidden than the corre-
sponding sSDDW. Not only do they not modulate charge or spin, but as long as spin-orbit coupling
is absent, they are also invisible to elastic neutron scattering because there is no associated stag-

gered magnetic field, as in an SDDW.

Inelastic neutron scattering can detect its signature in terms of a spin gap at low energies in
the longitudinal susceptibility and signatures in the transverse susceptibility of quasi-Goldstone
modes, and even onset of a finite frequency resonance mode. Recall that at any finite tempera-
tures SU(2) symmetry cannot be spontaneously broken in two dimensions; interlayer coupling is

necessary to stabilize it. Thus the scale of symmetry breaking must be considerably smaller than
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t ~ J, and the signature must be sought at higher energies. It could be a challenge to disentangle
the signal from inelastic spin-density-wave excitations. On the other hand since the quasiparticle
excitations are essentially identical to the sDDW, the quantum oscillation properties will be sim-
ilar [12, 61, 22, 28, 27], except perhaps those in a tilted field [28, 82]. The essence of this order
parameters is modulation of spin current and kinetic energy. So, it will require probes that can
detect higher-order correlation functions, such as the two-magnon Raman scattering. In the pres-
ence of modest spin-orbit coupling, it may be possible to find small shifts of nuclear quadrupolar
frequency (NQR). The modulation of the kinetic energy arising from the d,,, component, in par-
ticular staggered modulation of #', may lead to anomalies in the propagation of ultrasound [7] at
a temperature where such an order is formed, presumably at the pseudogap temperature 7. The
detection of the unique features of the proposed order parameter, the spin Hall effect and edge

currents, would be even more challenging.

The effects of nonmagnetic impurities on the mixed st-DDW state studied here are rather subtle.
We expect such disorder to couple only weakly to spin currents. Generically, disorder will couple
differently to the i0d,2_,2 and d,, components since each breaks a different symmetry. However,
by breaking both the point group and lattice translation symmetries, disorder can enable mixing
with (generally incommensurate) density wave states in other angular momentum channels. For
example, at the level of Landau theory, we expect terms in the free energy proportional to the
product of quadratic powers of the component order parameters, which would be proportional to
the impurity concentration, thus inducing spin- or charge-density waves. As long as spin rotational
symmetry is preserved in the normal state, the phase transition into the i0d,2_,2 state can remain

sharp.

From the standpoint of topological order at zero temperature, the effects of weak disorder are
somewhat simpler. Since the density wave phase considered here is a gapped phase with topologi-
cal order that is protected by time reversal symmetry, it remains robust against weak nonmagnetic
disorder [35, 79]. Thus, the phase can still be described in terms of its topology at zero temperature,

a feature which it shares with topological band insulators.

Lastly, we remark that in the presence of magnetic impurities, the phase is not sharply defined,

52



either as a broken symmetry or in terms of its underlying topology.

In terms of microscopic models beyond the phenomenology discussed here, it is almost certain
that correlated hopping processes will play a key role [72]. Finally, since d,2_,» and d,, are
two distinct irreducible representations on a square lattice, generically they will each have their
own transition temperatures, as dictated by Landau theory. The development of the d,, order
parameter would be at a higher temperature compared to the triplet component, which breaks
SU(2) and therefore requires interlayer coupling. Thus it follows that when applied to cuprates
there must be two transitions in the pseudogap regime. Since the topological phase studied here
arises from spontaneous symmetry breaking, it can support charged skyrmion textures in analogy

with Ref. [31]. The properties of such textures will be the topic of Chapters 4 and 5.

53



CHAPTER 4

Charge-2e skyrmion condensate in a hidden-order state

4.1 Introduction

It has become very much in vogue to argue that topological aspects of condensed matter bear no
relation to broken symmetries [79, 35]. In a strict sense this need not be so [80, 95, 108]. One can
construct examples where a broken-symmetry state has interesting topological properties and can
even be protected by the broken symmetry itself. An interesting example of a mixed singlet-triplet
d-density wave (st-DDW) and its possible relevance to one of the many competing phases in the
high-temperature cuprate phase diagram was demonstrated in Chapter 3, where it was found that

the system exhibits the quantized spin Hall effect even without any explicit spin-orbit coupling.

In particular, we considered a density wave of nonzero angular momentum (¢ = 2) of a mixed
singlet and triplet varieties such that in the half-filled limit, it is a gapped insulator. Unlike the
semimetallic singlet d-density wave (sDDW) [13], the spin Hall effect is quantized for a range
of chemical potential. The state is a topological Mott insulator [80, 95, 108] because it originates
from electron-electron interaction that leads to a broken symmetry. The addition of charge carriers,
doping, results in Lifshitz transitions destroying the quantization but not the very existence of the
spin Hall effect [41]. It is remarkable that such an unconventional broken symmetry, possibly
relevant to high-temperature superconductors, has an intimate similarity to topological insulators,

which have been explored recently [35, 79].

In this chapter we illustrate another remarkable aspect of the mixed st-DDW order: we show
that the system exhibits charge-2e skyrmions, which can condense into a remarkable superconduct-

ing state. As we shall discuss, such a mixed st-DDW system, and the resulting superconductivity is
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potentially relevant to the hidden-order (HO) state in the heavy-fermion compound URu,Sis [69].

An early attempt at such a non-BCS mechanism of superconductivity was made by Wieg-
mann [104], as an extension of Frohlich mechanism to higher dimensions. More recently, several
interesting papers have led to discussions of superconductivity in single- and bilayer graphenes.
Grover and Senthil [31] have provided a mechanism in which electrons hopping on a honeycomb
lattice can lead to a charge-2e skyrmionic condensate, possibly relevant to single layer graphene.
To a certain degree we follow their formalism; see also the earlier work in Ref. [94] of charge-e
skyrmions in a quantum Hall ferromagnet. As to bilayer graphene, a charge-4e skyrmionic con-

densate has been suggested by Lu and Herbut [64] and Moon [67].

The difference between our present work and the more recent papers on graphene is an un-
usual spontaneously broken symmetry leading to superconductivity and not the noninteracting band
structure of a material. We also point out possible implications for the mysterious HO state in
URusSis, in particular for its superconductivity. In terms of theoretical work, we have provided
explicit calculations of the angular momentum of the condensate, an intriguing quantized charge
pumping, a derivation of the nonlinear 0 model on which the existence of skyrmions rests, and a
full analysis of the spin-orbit coupling, correcting mistakes in a seminal work [73]. In addition,
we have gone beyond the adiabatic approximation, as in Ref. [31], thus fully confirming our final

results.

It is appropriate to comment on what we mean by “hidden order.” An order parameter can
often be inferred from its macroscopic consequences in terms of certain generalized rigidities.
Sometimes its direct microscopic signature is difficult to detect: a direct determination of super-
conducting order requires a subtle Josephson effect [46], and even antiferromagnetic order requires
microscopic neutron scattering probes. Density wave states of higher angular momentum, such as
the mixed st-DDW, are even harder to detect. They do not lead to a net charge density wave or
spin density wave to be detected by common s-wave probes. It is further undetectable because it
does not even break time-reversal invariance. A discussion of possible experimental detections of
particle-hole condensates of higher angular momentum was given in Ref. [71]. Thus, it is fair to

conclude that the state we consider here is a good candidate for a hidden order.
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It is also necessary to remark on the realization of particle-hole condensates of higher angular
momentum. An effective low energy theory of a strongly correlated system is bound to have a
multitude of coupling constants, perhaps hierarchically arranged. In such cases, we can generally
expect a phase diagram with a multitude of broken-symmetry states. It is a profound mystery as
to why nontrivial examples are so few and far between. A partial reason could be, as stated above,
that these states are unresponsive to common s-wave probes employed in condensed matter physics

and therefore appear to be hidden [13].

The next question is whether these low-energy effective Hamiltonians are contrived. If so, it
would be of little value to pursue them. However, simple Hartree-Fock analyses have shown that
they certainly are not: an onsite repulsion U, a nearest neighbor interaction V', and an exchange
interaction J are sufficient in a single-band model [71, 73, 42]; see also more recent papers by

Laughlin [58, 59].

The structure of this chapter is as follows: in Sec. 4.2, we construct the low-energy effective
action of the mixed st-DDW system. In Sec. 4.3, we compute the charge and the spin of a skyrmion
and verify that the skyrmions in this system are bosons, which can lead to a superconducting phase
transition. In Sec. 4.4, we compute the angular momentum of a skyrmion. In Sec. 4.5, we study
the charge pumping due to a time-dependent inhomogeneous spin texture that is interesting in its
own right. In Sec. 4.6 we discuss mainly the problem of URu,Sis. In Appendix A, the derivation
of the nonlinear 0 model and the details of computing the Chern-Simons coefficients and charge

pumping are provided.

4.2 Effective action

In momentum space the mixed st-DDW order parameter is [c and c' are fermonic annihilation and

creation operators, respectively, () = (7, 7), and the lattice constant is set to unity]

(chs0achs) o< i(T - N)agWi + Saply, (4.1)
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where N is a unit vector, ¢ are the Pauli matrices acting on spin indices, and the form factors

Wy = %(cos k, — cosky), 4.2)
Ap = Agsink,sink,, 4.3)

correspond to the d,2_,2 and d,, density wave, respectively [71]. It is not necessary that d,, and

dg2_,» transitions be close to each other, nor are they required to be close in energy [41].

If we choose the spin quantization axis to be 2, the up spins represent circulating spin currents
corresponding to the order parameter (id,2_,2 + d,,) and the down spins to (—id,2_,2 + d,). So,
there are net circulating spin currents alternating from one plaquette to the next but no circulating
charge currents. By the choice of the quantization axis we have explicitly broken SU(2) symmetry,
but not U(1), and the coset space of the order parameter S?> = SU(2)/U(1). Such a state can
admit skyrmions in two dimensions, ignoring the possibility of hedgehog configurations in (2 + 1)

dimensions. See the derivation of the nonlinear o model in Appendix A.1.

The mean-field Hamiltonian is
H=" vl [das(rer + T70) = (7 - N)as" Wi | s (4.4)
k.o,

where the summation is over the reduced Brillouin zone (RBZ) bounded by &, &+ k, = £, the
spinor is 1/),1706 = (c;a, CL +0.0)s and €, = —2t(cos k; + cos ky ); addition of longer ranged hopping
will not change our conclusions [41]. Here 7¢ (i = x, v, 2) are Pauli matrices acting on the two-
component spinor. It is not necessary but convenient to construct a low-energy effective field
theory. For this we expand around the points K; = (5, 7) and Ky = (-7, 5), which would
have been the two distinct nodal points in the absence of the d,, term, and K3 = (0, 7), which
would have been the nodal point in the absence of the d,2_,2 term. This allows us to develop an
effective low-energy theory by separating the fast modes from the slow modes. After that we make
a sequence of transformations for simplicity: (1) transform the Hamiltonian to the real space, which
allows us to formulate the skyrmion problem; (2) perform a 7/2 rotation along the 7¥-direction,

which allows us to match to the notation of Ref. [73] for the convenience of the reader; (3) label

VK, +q,a DY Yiq, since K; is now a redundant notation; (4) construct the imaginary-time effective
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action, with the definition ¢ = —ity!7*. Finally, after suppressing the spin indices, and with the
definitions 7° = 7%, v* = 7Y, and 7¥ = —7%, we obtain the effective action in a more compact

notation:
_ W, R
S = /dgﬂ? V; {—2'7037 — 2ity" (1,0, + 0,) + i—2( - NV (—0;0 + 0,) + iny o |

: 2

7j=1,2

b [ oy [ <000, ~ Wl - )] v, 5)
where 777 = 1 and 1o = —1. There is no spatial derivative in the 13 terms since the expansion of

the d,2_,2 gap around the nodal point K3 = (0, 7) is
Wo

5 2

R

St (4.6)

WK3+q =

where the second- (and higher-) order derivative terms are dropped when linearizing the action. In

other words, the d,2_,2 term behaves as a mass term at the K3 point.

4.3 The charge and spin of a skyrmion

First we will compute the charge of the skyrmions in the system by following Grover and Senthil’s

adiabatic argument [31]. Consider the action around K; = (g, %) when the order parameter is

A

uniform (say, N = Z2). The results for K, = (-7, %) and K3 = (0, ) follow identically. In
Chapter 3 we showed that the nontrivial topology leads to a quantized spin Hall conductance in
the st-DDW state as long as the system is fully gapped [41]. The spin quantum Hall effect implies
that the external gauge fields A¢ and A® couple to charge and spin currents, respectively. In the

presence of these external gauge fields, we add minimal coupling in the action by

1 . 0F
gau = Pu — Pu + A,u, + 714“ (47)

Then the action is
s = [aad[-nto. o0 (4 + S ar) -2+ 0,

T c o s c o s .WO z

W .

lopd o* ,

2
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where we set ¢ = h = 1. The nonvanishing transverse spin conductance implies that the low-

energy effective action for the gauge fields is given by

7: 12 C S
Seff = 5~ / dPreACO, A3, (4.9)
and the charge current is induced by the spin gauge field
-c 1 VA s
Ju= %e" 0, A3, (4.10)

Consider now a static configuration of the N field with unit Pontryagin index in the polar

coordinate (7, 6):

A

N(r,0) = [sina(r) cosf, sin a(r) sin §, cos a(r)] (4.11)

with the boundary conditions a(r = 0) = 0 and a(r — o0) = 7. Performing a unitary transfor-
mation at all points in space such that U (& - N YU = 7, and defining ¢ = U/, and ¢ = ¢'UT,

we obtain
3 T .0 oz W : ,
Sl = d’z ¢1 -1y a'r - 2“7 (89[: + ay) + 170 ,yy(_ax + 8y) + ZA0 ¢1
+ / &Pz ) [-i7*(UT9,U) — 2ity*(U0,U + U'9,U)
Wo . vt t /
+270 W(=U"0,U +U 8yU) (4 4.12)

To proceed, we write down the explicit form for U (r, §), which is

Ur0) cos —a(;) —sin —a(;) e~ @13)
r, - ) . .
sin —O‘(;) et cos —O‘(;)

In the far-field limit, UT0,U = (=528)* and UT0,U = (:%%)o?; substituting into Eq. (4.12)

and introducing f, = —iU9,U, we get

S, = / d’x [—mOaT — 2ity" (0, + ,) H%my(—aﬁay) +ilo | ¥

- W
—i—/d% P {Qt’yx(fx + fy) + TOJZ’yy(fx — f)l ¥ (4.14)
Equating the above equation and Eq. (4.8), we obtain, in the far-field limit,
2sin 6 2cosf
Ac = AC—0; Ay = — 200 g5 = 2000 (4.15)
T T
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In other words, the process of tuning the order parameter from o* to <6 N (r, 0)) is equivalent

to adding an external spin gauge field

— 2 1 0 2 0 2"
As = 2T 28T, 2 (4.16)

r T r

The total flux of this gauge field is clearly 47. Suppose we adiabatically construct the skyrmion
configuration N (r,0) from the ground state Z in a very long time period 7, — oo. During the
process, we effectively thread a spin gauge flux of 47. The transverse spin Hall conductance
implies that a radial current j¢ will be induced by the 47 spin gauge flux of ffs(t), which is now

time dependent: A*(t = 0) = 0 and A*(t = 7,) = A®, that is,
1
io(t) = ——0, Aj(1). 4.17
i) =~ 5-0.43(0) @17)

As a result, charge will be transferred from the center to the boundary, and the total charge trans-

Tp 2T
:/ dt/ rd0je(t) = —2. .18)
0 0

Therefore, after restoring the unit of charge to e, we obtain a skyrmion with charge 2e; its spin is

ferred is

0.

It is important to verify the adiabatic result by a different method. This can be done by a
computation of the Chern number [106]. The charge and spin of the skyrmions are associated

with the coefficients of the Chern-Simons terms by the following relations: styrmion = (Cse and

S

skyrmion = Ci4 5> where C'; and C5 are
T2 3 0G=t oGt oG
G = g™ Ud T Tl K (4.19)
_ Swg 3 oGt oG~ oGt
G2 = 5.5 Ud k(G- 2)G o, G T G 7| (4.20)

where G is the Green’s function matrix and the trace Tr is taken over the spin index and other

discrete indices.

If the Green’s function matrix is diagonal in the spin index, then the Chern-Simons coefficients

for up and down spins can be computed separately:

e . OGS 9GS | oG
N(GU)_QWTrUde 8“G oG i 4.21)
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and C1 = N(G4) + N (G)), Cy = N(G4) — N(G)). Furthermore, it can be shown (see Appendix
A.2) that for

Gl =iwl — 7 hy (4.22)

with ﬁa being the Anderson’s pseudospin vector [4] of the Hamiltonian, the Chern-Simons coeffi-

cient for spin ¢ can be written as
A2k . Oh, Oh
a)=— [ 28, Dy De 423
N(Go) /47r Ok, Ok, (+23)
where h, = h, / \HU] is the unit vector of h,. Here C; and C, are the total Chern number and the

spin Chern number N efined in Chapter 3, respectively [41]. For the st-DDW system, we

pin d
have ﬁg = (A, —oWi, ). Explicitly, C; = =14+ 1= 0and Cy = —1 — 1 = —2; thus the results

are the same as above.

Because a skyrmion in the system carries integer spin, it obeys bosonic statistics and may
undergo Bose-Einstein condensate. As a result, the charge-2e skyrmion condensate will lead to a
superconducting phase transition. But what about its orbital angular momentum? In the following
section, we will prove that it is zero resulting in an s-wave singlet state. This is a bit surprising

given the original d-wave form factor.

4.4 The angular momentum of a skyrmion

To compute the angular momentum carried by a skyrmion in the system, we consider the angular
momentum density due to the electromagnetic field. For a static spin texture it is clearly zero,
because E = 0. For a time-dependent texture it is little harder to prove. Consider the spin texture

~

N(r,6,t) with

N.(r,0,t) = sina(r,t)cosB(0,t), (4.24)
Ny(r,0,t) = sina(r,t)sin5(0,1), (4.25)
N,(r,t) = cosa(r,t), (4.26)
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where a(r, t) and §(0, t) are smooth functions, and a(r, t) satisfies the boundary conditions a(r =

dalrt)) =98l = 0in the far-field limit,

0,¢) = 0 and o(r — o0,t) = m for any ¢, and
The unitary matrix is now time dependent. After a little algebra, we obtain the time-dependent

gauge fields in the far-field limit to be

—2sin6 0p(0,1t)

A 0,8) = —mEEELE (427)
s 2cos60p(0,1)
A3(r,6,1) TR (4.28)

So, @(6,t) = A;(0,t) = 2229 and A(r,0,t) = A3(r,0,t)3 + A3 (r,0,4)5 = Aj(r.0,1)0, where

43(r.6.1) = 2900

50 (4.29)

Therefore, the electric field will have a nonzero 0 component, E = Egé, and the magnetic field

will have a nonzero Z component, B = B, Z, where

C1043(0.t)  0Ay(rt) _ 40PB(0,1)

T, ot r 00dt (4.30)
C0A3(rt) 2 08(6,1)
B, = == S 4.31)

As a result, the angular momentum density still vanishes,

~

— 1 = N
Lﬁeld = 4_7'('CT X (Ege X BZZ) =0. (432)

It is possible that superconductivity with nonzero angular momentum may be realized when the
interaction between particles is included, which will be the topic of Chapter 5. It would be inter-
esting to explore what other kinds of quantum numbers are carried by the topological textures in

the model we have studied.

4.5 Quantized charge pumping

In Sec.4.3, we considered a static spin texture and obtained charge-2e skyrmions in the system. If
we consider a time-dependent spin texture, which has a smooth variation in one spatial direction,

say, ¢, and is uniform in the other, z, charge will be pumped from one side of the system to the
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other along x [109]. This charge pumping effect can be understood from the effective gauge action,

which is
Gy

47

S

offlAL, AS] = / Pz ACO, A3, (4.33)

where the integral is over the real time, ¢, instead of the imaginary time, 7. Therefore, the charge

current induced by the spin gauge field will be

(SSeff[A/i AZ] 02 C

— e w2 qwdg A — 2w ps 4.34
u 5Az s 2 (4.34)
where we define the spin gauge flux F;, = 9, A; — 0, A;,. After some straightforward algebra (see

Appendix A.3), the spin gauge flux can be written in terms of the N vector,
Fi, = N-[(9,N) x (9,N)]. (4.35)

As a result, even in the absence of an external electromagnetic field, a charge current may be

induced by a time-dependent inhomogeneous spin texture because

-C & VAN \J \;
e = 8—;6“ AN - [(8,N) x (8,N)]. (4.36)

To demonstrate the charge response induced by the spin texture, we consider the following

configuration with unit Pontryagin index,

N(y,t) = [sin6(t) cos ¢(y), sin O(t) sin $(y), cos O(t)] , (4.37)
where 6(t) and ¢(y) are smooth functions of ¢ and y, respectively, with boundary conditions 0(¢ =
0) =0,0(t =7, =m,and ¢(y — +oo) = £nr. Therefore, we have an induced charge current

along the 7 direction,

. C. . . .
je = S—;eww- [(0,N) x (O\N)]

= f; [(0,N) x (9], (4.38)

Interestingly, we can show that the pumped charge is quantized,

CQpumped = /0 dt /_ dy j,
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_ & / "t / dy N - [(9,N) x (9,)]
47T 0 —00

_ %/”de/” a6 N - (051 x (9,)]
47T 0 -7
— O, (4.39)

where we have used that, for the spin texture with unit Pontryagin index,
/ do / de N - [(BsN) x (0,N)] = 4. (4.40)
0 -7

After restoring the unit of charge, we have qumped = (ye. So far we have considered the spin
texture with unit Pontryagin index. If the spin texture is generalized to a general Pontryagin index,

Np, then the pumped charge will be qumped = (CyNpe.

How could we observe this charge pumping experimentally? We need to control the direction
of the N vector so that it can be the time-dependent inhomogeneous spin texture discussed above.
In topological chiral magnets [109], the N vector is the net ferromagnetic moment, which aligns
along the external magnetic field, so one can apply a time-dependent magnetic field H () = H (t)

coupling to the N vector and control the magnitude of £ component of N.

In the mixed st-DDW, however, the situation is more complicated. In the presence of an ex-
ternal magnetic field, there will be a spin-flop transition and the N vector will lie in the plane
perpendicular to the external field [73]. In other words, we cannot fully control the direction of N
with a time-dependent magnetic field. Therefore, it would be a challenge to measure the pumped

charges in the system.

Nevertheless, the charge pumping effect provides, at least, a different conceptual approach to
probe the topological properties of the system in addition to the quantized spin Hall conductance.
For the quantum spin Hall effect, a spin current is induced by the external electric field [41],
whereas for the charge pumping effect, a charge current will be induced by the spin texture. It
would, of course, be interesting if one can manipulate the N vector experimentally because a

charge current is easier to detect than a spin current.
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4.6 Discussion and application to the HO state in URu,Si,

There are two points that we have glossed over. The first is rather simple: in the ordered phase
at 7' = 0, there are also Goldstone modes that can be easily seen by integrating out the fermions
resulting in a nonlinear ¢ model involving N, the form of which is entirely determined by sym-
metry. These do not lead to any interesting physics, such as charge-2e skyrmions that condense
into a superconducting state. At finite temperatures they could lead to a renormalized classical be-
havior [11]. The second point is more subtle: we have assumed that the hedgehog configurations
are absent. This would require, as pointed out by Grover and Senthil [31], that the energy of the
skyrmion (especially in the limit Ay — 0) is smaller than individual pairs of electrons, a question
that is likely to be model dependent. If this assumption is correct, however, the transition from the
mixed st-DDW state to the superconducting state will correspond to a deconfined quantum critical

point, which otherwise would have been a first-order transition, as in Landau theory [92, 91, 55].

We suggest that the superconducting phase driven by the skyrmion condensate may be real-
ized in the URu,Si,, which hosts an exotic HO phase, with broken translational symmetry below
Tyo =~ 17.5 K and a superconducting phase below 7. ~ 1.5 K [69]. Recently, Fujimoto [26]
proposed a triplet d density wave with the order parameter <c£71’ack+Q0,275) = d(k) - Gap with
af(k) = (A sin (k“”—\;;y) sink,,0,0) to describe this state [26]; here 1 and 2 refer to two different
bands and @)y = (0, 0, 1) is the nesting vector; even the earlier work in Ref. [42] involving circulat-
ing spin current is not entirely unrelated. The order parameter considered in Ref. [26] is different
but a close cousin of the order parameter considered in our work; the circulating staggered spin
currents in Ref. [26] lie on the diagonal planes instead and the crucial d,, part is missing there.
As mentioned in Sec. 4.2, the mixed st-DDW gives rise to net circulating spin currents alternating
from one plaquette to the next in the square lattice. Notice that the coefficient of the d,, compo-
nent is real, so in the tight-binding model the presence of the d,, term affects the kinetic energy,
but does not produce any charge current or spin current. As a result, the addition of the singlet

d., component in the present work modulates only the next-nearest-neighbor hopping, and the

spin current patterns remain unaffected. As mentioned above the spin currents lie on the diagonal
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planes in the three-dimensional lattice. For the purpose of illustration, in Fig. 4.1 we plot the spin
current pattern due to the order parameter in Ref. [26]. On each diagonal plane, there are two
copies of the staggered circulating spin current patterns. Each of them is the same as the one in the
mixed st-DDW system because, as explained above, the d,, component has no effect on the spin

current pattern.

That the currents are in the diagonal planes instead of being square planar is conceptually not
important, but is necessary to explain the nematicity observed in the experiments [75]. We now

discuss the role of spin-orbit coupling before making our final comments.

Figure 4.1: The spin current pattern due to the order parameter in Ref. [26]. The U atoms are
marked by the dots. The directions of the spin currents are marked by the arrows. Black and blue
colors indicate two independent sets of staggered circulating spin current patterns. The Ru and Si

atoms are not shown for clarity.
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4.6.1 Spin-orbit coupling

It will be shown below that the order of magnitude of the spin-orbit energy is

Ego ~ [(N 52— 1} (Awg) (%)2 140 (%ﬂ , (4.41)

w
correcting a mistake in Ref. [73]. Here A is the strength of the spin-orbit coupling, given by

Heo = Y  chaA(k) - Gapers, (4.42)
k

where A(k) = % [#sin k, — ysin k,|. In the presence of spin-orbit coupling, the Hamiltonian is

Hiotal
= H+Hgo
€k Ay +iN, Wy Ap(k) —iAy(k)  iWR(Ng —iNy)
_ Z \Il,t Ay —iN, Wy, —€g, —iW,(Ny —iNy) —Ag(k) +iAy (k) .,
k Ay (k) +iAy(k)  iWE(Ny +iNy) €k A —iN, Wy,
—iWi(Ng +iNy) —Ayp(k) —iAy (k) Ay + iN, Wy, —€k;

(4.43)

where \IIJ,L is the four-component spinor (CLT, c,t ys c,t, T cL 10, i)' In the absence of spin-orbit

coupling, the eigenvalues are +FEy, with Eg, = /€2 + W2 + AZ. On the other hand, when spin-
orbit coupling is present, the eigenvalues of the upper and lower bands now become Ayp + = Ej +,

)‘low, L= —E, +, respectively, where

By = \/6% +WE+ A+ A2 [(ei + W2)AZ — W2(N - Kk)2] : (4.44)

with A2 = |2 = A2(k) + AZ(k). When the d,.,, component is absent, A, = 0, and the results of

Ref. [73] are recovered. Consider the following two cases separately.

4611 N2

Since the chemical potential is at the midgap, we can focus on the lower bands. When N =2, we

have N - Kk = 0 and

NI

)\fOW,:l: _\/Egk + Ai +2 [E(Q)kAi]
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= —Eo, F || (4.45)

Assuming that Ay < Wy, Ay < W with the electronic bandwidth W = 8t, the change in the

ground-state energy will be

[ )‘low A+ low,_) - 2(—E0k)}

Eso = Z
- Z [ —Eg. — [Re] = Bor + |Ax]) + 2E0k] =0 (4.46)
k

4612 N 12

When N lies in xy-plane, we have N-A, = ]Kk] cos ¢y, where ¢y, is the angle between N and A,

and o
N-A N A (k) + N,A,(k
COS By = ———b = (k) + Ny Ay ( ) (4.47)
| Al \/Ag(k) + A2(k)
The eigenvalues of the lower bands are now
NO = B A £ 2[R — WEAZ cos )
1 W2 1LWZ AZ w,
~ B F (L= 5o )il = 55 {HO( ’“)}, (4.48)

where we have used cos? ¢ ~ O(1). Notice that the signs of the second-order terms for A7  and

low,+

)\fg are both negative, leading to the net change in the ground state energy, which is opposite

to the N = % case. Assuming that Ay < Wy, Ay < W, the change in the ground-state energy per

lattice site will be
Eso = Z [ )‘TgWJF + )\low )~ 2(_E0k)]
k
o)
— 1+0 (=2
2, 7,

N W
- _W(W) 1+O( >]<0, (4.49)

w
Therefore, N vector should lie in the xy plane in the presence of spin-orbit interaction and the

result stated above follows.
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As large as the spin-orbit coupling may be for U atoms, Egg is still a small energy scale.
However, if other anisotropies are absent, the order parameter would be in the XY plane, resulting
in vortices; exchange anisotropy can also result in an easy-axis anisotropy, in which case spin
textures could be Ising domain walls that can trap electrons. Although skyrmions are finite-energy
solutions, vortices cost infinite energy unless they are bound in pairs. We speculate that charge 2e-
skyrmionic condensation is a more likely scenario, but the crossover in the texture is an interesting

topic for further research.

The following remarks about URu,Si, are relevant: in both magnetic field-temperature (/-1")
and pressure-temperature (P-1") phase diagrams, the superconducting phase is enclosed within the
HO phase [69]. This implies that the superconducting phase is closely related to the HO phase,
and is probably induced by it. Throughout our calculation, ignoring of course skyrmions, we have
assumed that the system is half-filled. The lower band is filled and the upper band is empty, and
the topological invariant is quantized. If this is not the case, then there will be no quantized spin
Hall conductance, but an induced superconducting phase from charge 2e-skyrmionic condensa-
tion; doping will result in conducting midgap states, as in polyacetylene [38]. Of course, such a
topological superconducting phase is very sensitive to disorder. Indeed, this may be supported by
the destruction of the HO and superconducting phases with 4% Rh substitution on the Ru site [69].
To summarize, we can find a rationale for a HO phase enclosing a superconducting phase at lower

temperatures.
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CHAPTER 5

Chiral d-wave superconductivity in URu,Si5

5.1 Introduction

The identity of the order parameter in URu,Si; (URS) [69], a heavy-fermion material, below the so
called hidden-order (HO) transition at Ty = 17.5 Kis unknown despite its discovery more than a
quarter century ago [87, 51, 37, 56, 18, 34, 42, 66, 26, 19, 24, 14, 100, 15, 84, 23,43, 78, 85, 112].
Buried deep inside this phase lies a much less explored unconventional superconducting (SC) state
at a temperature 7. ~ 1.5 K [76, 65, 88, 20, 69]. It is natural that there must be an intimate relation
between the two. It is our central interest to explore this connection and to provide a mechanism
for the unconventional SC state. We posit that an intriguing density wave state, termed mixed
singlet-triplet d-density wave (st-DDW) [41, 40], is responsible for the HO. This state has no net
charge or spin modulations and does not break time reversal symmetry (TRS). Thus, it is natu-
rally impervious to common experimental probes. However, it does have topological order with a
quantized spin Hall conductance [41]. We then construct a global phase diagram in which there is
a deconfined quantum critical point (QCP) [92, 91], which is ultimately responsible for the basic
mechanism of superconductivity. The skyrmionic spin texture in this density wave state fraction-
alizes into fermonic merons and antimerons [92], which results in two copies of unconventional
chiral d-wave BCS superconductors [50, 110]. The deconfinement takes place only at the QCP. On
one side of it merons and antimerons are paired to form skyrmions, but on the other side merons
pairs with merons, and similarly for antimerons. The resulting SC state breaks TRS, which can be
directly detected by polar Kerr effect (PKE) measurements [49]; in contrast, the HO state which
does not break TRS should not exhibit PKE except perhaps for impurity effects. Determination of

the density wave state posited here is also possible through two-magnon Raman scattering, nuclear
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quadrupolar resonance, or the skyrmions themselves. In a more general context, our work reflects

the rich possibilities of emergent behavior in condensed matter systems.

Density wave states of higher angular momenta are intriguing objects [71]. They are particle-
hole condensates in contrast to particle-particle condensates in a superconductor. Because there
are no exchange requirements between a particle and a hole, the orbital wave function cannot con-
strain the spin wave function. Of particular interest is the angular momentum ¢ = 2: its singlet
counterpart has been suggested to be the cause of the pseudogap in high-temperature superconduc-
tors [13]. Physically, it reflects staggered circulating charge currents in a two-dimensional square
lattice. The triplet counterpart consists of circulating staggered spin current but not charge current.
An attempt was made to relate it to the HO phase of URS to explain the observed anisotropic
magnetic susceptibility [26, 75, 93]. While this is an interesting idea, so far it has not been able to

provide a mechanism for superconductivity, which must be related to the HO state.

In contrast, we consider a mixed st-DDW, which mixes the triplet and the singlet density waves
in the / = 2 channel; see Refs. [41, 40] for details. In Chapter 4, skyrmions are introduced as
spin textures in the st-DDW state. They are shown to have zero angular momentum, charge 2e
bosons, and therefore one could only predict an s-wave BEC condensate. However, available
experiments [50, 110] show that the superconductivity is not s-wave, but chiral d-wave, breaking
TRS. In this chapter we propose a totally new unconventional pairing mechanism arising from the
fractionalization of skyrmions into merons and antimerons. The mechanism resolves the paradox
that skyrmions may have zero angular momentum, but the superconductivity can be a chiral d-
wave condensate. We also predict PKE at the onset of the superconductivity, but not in the HO

state, which does not break TRS.

5.2 Nontrivial topology and charge 2¢ skyrmions

URS has a body-centered-tetragonal structure, and the order parameter and the band structure must
be consistent with it; see Fig. 5.1. We consider the tight-binding model with the URS crystal struc-

ture [84] and the st-DDW order on the diagonal planes, which leads to the observed anisotropic
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magnetic susceptibility. This model is merely a low-energy effective Hamiltonian, which is suf-
ficient to illustrate our mechanism of superconductivity, but clearly cannot capture all aspects of

URS:

1 2 «
Ho = Z <€§g )cL’kclmk + 6,2 )cgmkc%,k) + Z <Ckci+7k62+7k + Ckci_k@_,k + H.c.)
k

k,o

+ 3 (Drclysr s = Dicl_yeren + He) 5.1)
k

1.

where ¢,

% 1s the creation operator of 5 f electron with band index o = 1,2 and spin index o = &,

and the band structure is

k k k
¢ = 8tcos < ;a) oS (%a) oS < ;C> + 2t!, [cos(kza) + cos(kya)]

A
+4t" cos(kya) cos(kya) — p + sgn(a)%, (5.2)

where sgn(a) = +1 for @ = 1,2, respectively. Here a and c are the lattice constants. ¢,/ , and
t” are the hopping amplitudes along the body diagonals, in-plane axes, and in-plane diagonals,
respectively. A;, is the crystal-field splitting and 1 is the chemical potential. Notice that ¢,¢/ , and
t” describe the hopping terms of the 5f electrons between the U atoms, and our conclusion holds
as long as t is nonzero (See below and Appendix B). As in Ref. [84], we will take C}, = 0. Dy is

related to the hybridization due to the Ru atoms, and has the form

D, = 4t [sin (M) — 78in (M)] sin (k;C> (5.3)

Then the st-DDW order parameter is defined to be

<Cla,k+QCaa’,k> = g A, +1(0 - N)aa’Wka 5.4

where o and ¢’ are spin indices and the nesting vector is @ = 27“2, consistent with the fact that
quantum oscillation frequencies are hardly changed between HO and the large-moment antiferro-
magnetic phase (LMAF) [70, 36]; W}, and A, are the form factors for the triplet and the singlet

components of the density wave order,

k.a — k (k.
W, = Wy sin (%) sin ( 20) , (5.5

72



and

Ay = % [cos (kya — kya) — cos (k.c)]. (5.6)

We have checked that the inclusion of the hybridization, 5, barely alters the ground-state

energy. To be explicit, we found the change in the ground-state energy per lattice site is

[ti2]? (W ?
ABpyp ~ = 7 ) (5.7)

where W = 8t is the bandwidth. AEhyb is much smaller than W, and A, because (%)2 ~ 0.01.
Therefore, the inclusion of the hybridization will not affect our conclusion. Furthermore, it has
also been pointed out that the Fermi surface does not depend strongly on ¢15 [84], so t12 will be

neglected in the following discussion. In addition, the inclusion of the explicit spin-orbit coupling

in the two-dimensional st-DDW model has been analyzed in Ref. [40], and it has been shown that

Wo\?
o (Y] 55

the change in the ground-state energy per lattice site is

- A2 (o)
AESO%[(N-ZV—I]W”(WO)

Here A, is the strength of the spin-orbit coupling, given by

Heo =D  choaA(k) - Gagers, (5.9)
k

where A (k) = f}—% [ sin k, —7 sin k,]. Although Ag ~ W for U atoms, A Eg is still a small energy

Wo

2 o
W) . Therefore, the charge-2e skyrmionic texture that we

scale because of the small factor (
invoke below is unlikely to be affected by the explicit spin-orbit coupling, which will be neglected
in the discussion. Notice that the order parameter itself cannot be factorized into spin and orbital
parts, so it requires spin-orbit interaction to be realized. In other words, the spin-orbit interaction

is present in the model even though we do not include it in the Hamiltonian explicitly.

At the mean-field level, we can choose the N vector to be uniform and perpendicular to the
diagonal planes (x + y = constant). The real space picture of the order parameter form factors
are shown in Fig. 5.1. Note that this is different from Ref. [26], where there are two copies of
spin current patterns on the diagonal planes and the singlet component is missing [40]. The spin

currents are unaffected by the singlet component, as that only produces modulations of the bare
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Figure 5.1: Left: the crystal structure of the URS material. The modulated hopping and spin
current patterns are on the diagonal planes (x + y = constant), which is highlighted with the pink
color. The black points indicate the positions of the U atoms. The black arrows indicate three
primitive vectors, az, ay and cz. The blue arrows indicate three vectors for the rotated coordinate:
a't’, a'y and cz'. Here 3/ = @, y = @, 3 = %, and @’ = v/2a. Right: the spin current
patterns and hopping modulations on the diagonal planes. The arrows indicate the directions of
the circulating spin currents due to the triplet component of the mixed st-DDW order. The red

and black dashed lines indicate different signs of the modulated hopping terms due to the singlet

component of the mixed st-DDW order. The Ru and Si atoms are not shown for clarity.
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kinetic energy. Thus, we obtain similar anisotropic susceptibilities, as in Ref. [26]. However,
Ag has an important consequence on the basic nature of the HO state. One of the experimental
signatures of the HO state is a jump in the specific heat % ~ 270 mJ/mol-K? at THQ- followed by
an exponential drop below Ty, which can be fitted with a gap of ~ 11 meV [76]. The specific heat
for the mixed st-DDW state also exhibits a similar exponential behavior when we consider the fully
gapped k,ya’ = 7 plane; see Fig. 5.1 for the rotation of the coordinate axes. This implies that the
specific heat reflects primarily the quasi-two-dimensional part of the spectrum, which justifies that
itis a good approximation to consider the system as a collection of quasi-two-dimensional diagonal
planes, with low carrier concentration. With the gap parameters of W, = 14 meV and A, = 13
meV, we obtained the exponential drop C'(T") e~ 7, which is consistent with experiments, except
for lower temperature linear behavior due to the fact that the three-dimensional Fermi surface is
only partially gapped. Importantly, our basic mechanism of superconductivity depends on the

quantized spin Hall effect on the diagonal planes, which is absent if Ay = 0 (cf. below).

A useful way to proceed is to sketch a proposed phase diagram in which we introduce a quan-
tum parameter A in addition to the physical parameters pressure P and temperature 7" as shown in
Fig. 5.2. A controls the skyrmion gap Wy(A) such that Wy(A < A.) = 0 and Wy(A > A.) # 0.
A skyrmion, which is a distinct spin texture in the st-DDW, is shown in Fig. 5.3. We must em-
phasize that the hedgehog configurations are assumed to be suppressed because the particle-hole
excitations are of much higher energy [31]. Therefore the skyrmion number is conserved in the
two-dimensional diagonal planes. The state at 7' = 0, P = 0 is connected, as is the entire SC state,
by continuity from the second order phase transition between the SC and the quantum spin Hall
insulator (QSHI); . is a deconfined quantum critical point [31]. This critical point is described by
the field theory of merons and antimerons, fractional particles that emerge at \., but are not present
in either side of it. A\ can be computed from a suitable microscopic Hamiltonian; for instance, A
may be a function of the on-site Coulomb interaction, U, the nearest neighbor direct interaction,

V, and the exchange interaction, ./, in the extended Hubbard model [42].

The eigenvalues and the eigenvectors of the mean-field Hamiltonian can be used to compute
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Figure 5.2: The proposed phase diagram with the quantum parameter (), pressure (F), and tem-
perature (') axes. Here A is a tuning parameter such that the skyrmion gap Wy(A < A.) = 0
and Wo(A > A.) # 0. A, is a deconfined quantum critical point between the QSHI and SC as
T =P =0. Tgo and T are the HO and SC transition temperatures as P = A = 0, respectively.
Along the P axis, P, indicates the phase transition between the HO and SC states, while P, indi-
cates the phase transition between the HO and LMAF states. In some literatures P, coincides with
P,, which does not affect our main conclusion. In addition, there should be phase boundaries in

the A\-P and -7 planes, which are not relevant to this work.
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Figure 5.3: The merons wl,a(fj and 1/1170(77). wl,a("?) creates a meron with N(r — 0) = 3’ and

N(r — oo) = &2, wT_ya(F) creates a meron with N (r — 0) = —j and N (r — oo0) = M

T

Each meron above is half a skyrmion. A composite of a meron wl,a(f) and an antimeron ¢_ ,/(7)

makes one skyrmion [92].
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the Berry curvature, Qgi, for the upper and the lower bands (&),

Qs = Vi X (Pt (k)17 4] P (k)), (5.10)

where |®, ;. (k)) are the corresponding eigenstates. The Berry curvature is necessary for the com-
putation of the physical charge and flux carried by the skyrmions. Notice that although a two-band
tight-binding model is considered here, the Berry curvature for these two bands are identical be-
cause the t/, t” and A terms commute with the Hamiltonian and do not enter the eigenvectors.
Therefore, the band index « and the crystal-field splitting A5 can be dropped. Since the mixed
st-DDW order is on the diagonal planes, one finds that the nonzero contribution to the Berry phase
arises from the component of the Berry curvature perpendicular to the diagonal planes. The result
does not depend on the details of the band parameters as long as ¢, Wy, and A are all nonzero (See
Appendix B). In other words, we need a mixing of the triplet and the singlet density wave orders
in order to have nontrivial topology. As in the two-dimensional model discussed in Chapters 3 and
4, the total Chern number is zero, but the spin Chern number is nonzero. Therefore, the topology
of the system is nontrivial, and there will be a quantized spin Hall conductance on the 2’2’ planes,

spin

z'z!

= 5. Because of this the charge current corresponds to a physical charge (See Appendix
B). Then, the skyrmionic spin texture can be constructed on the z’z’ plane, and one can find that
the skyrmions in the system carry physical flux 47, as in Refs. [31, 40]. As a skyrmion is adiabat-
ically threaded through the system, a net charge of —2e is displaced to the boundary at infinity; by

charge neutrality of the total system, the skyrmion should have physical charge 2¢ and flux 4.

5.3 chiral d-wave pairing

A skyrmion is a composite of a meron with a flux of 27 and charge e, and an antimeron with a
flux of —27 and charge —e, as shown in Fig. 5.3. In the HO phase, the fractional particles are
confined in skyrmions while in the SC phase they are bound into Cooper pairs (See Fig. 5.4). Let
Y1 ,(7) be the creation operator of a meron at 7, where s = = labels the flux of +-27 and the spin
index ¢ =1 and | for up and down spin, respectively. Pairing of <1/Jl'70(77)w;r,70,(77' )) thus results in

a charge 2e superconductivity for s = s’. Motivated by experiments [50], we will be interested in
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Figure 5.4: Deconfinement and pairing of the merons and antimerons. The up (down) arrows
indicate a flux of 2w(—27). The solid (open) circles indicate merons (antimerons). The dashed
lines indicate the confinement and pairing. The colors are associated with the meron texture in
Fig. 5.3. The spins of the merons are not shown for simplicity. Left: in the HO phase, merons and
antimerons are confined in skyrmions. Middle: at the critical point, the merons and antimerons are
deconfined. Right: in the SC phase, the merons and antimerons are separately confined again into

Cooper pairs.

the spin-singlet pairing, so we will set o = —¢’. Here we assume that the length scale of a meron

is much smaller than the distance between the merons, so we can treat them as point particles.

The interaction Hamiltonian can be described by the coupling between the charge current ;(7_")

and the gauge field A (7), which is associated with the flux of the merons and antimerons, H;,; =

S/ d%’j(f’) . fT(F) Notice that we will set A = ¢ = 1 for simplicity. With the continuity equation
for the charge and current densities of the merons and antimerons, and assuming that the kinetic

energy of the particles is €, = % with the effective mass m, we may write the interaction in terms
of the v, ,(7) operators. This immediately leads to the spin-singlet pairing Hamiltonian in the

momentum space

Hingk = > > Visdl o9l ¥k, (5.11)
];.'7];,'/ s
where Vi, = %% Hint clearly breaks TRS, so we expect the SC state to break TRS as

well.

The interaction is similar to the one discussed in the half-filled Landau level problem [30] as

well as the one proposed in the context of the hole-doped cuprates [68], though there are significant
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differences as well. In Ref. [30], the flux attached to a particle is 7e instead of 27 so that fractional
statistics could be studied by varying e. The particles considered there were spinless fermions,
so an odd-parity pairing state was obtained. Furthermore, the interaction (5.11) is different from
the one in Ref. [68] because we express p(7) = > (se)¥l (7)1, ,(7) and (ﬁ X /T(F)) =
Y o UL, (F)ihs o (7) differently. In Ref. [68], the resulting interaction depends on the sigyn of
s, so the s = = part leads to a (d,2_,2 F id,,) superconductivity, respectively. As a result, the

addition of these two components gives a d,2_,2 superconductivity in cuprates, but not a chiral

-y
state.
In Eq. (5.11) we can see that the s = + and s = — parts in our case are two independent

copies. With the kinetic energy term, the total Hamiltonian is

Hiotal = Z 5k¢£,s,a¢k,s,a + Hint (5.12)

=
k,s,o

where £, = €;, — e with the Fermi energy €. Defining the gap A} = — >, Vi (Y_p | ¢wr 1), the

gap equation can be obtained within the mean-field approximation. At zero temperature, it gives

A
AF == Viw k (5.13)

2V AP

As mentioned above, a similar gap equation has been analyzed in Refs. [30, 68]. For ¢ wave
pairing, the solution will be A = |Azc|e_’[¢’f, where ¢, denotes the direction of the wave vector,

and we will choose it to be the angle between k and k. The magnitude of the gap can be written as

l
Ase (i)  fork <k
Ay F A ke " (5.14)

A (%F)l , fork > kp
with the Fermi wave vector kr and Ay = |Aj° |. The gap equation can be solved numerically.
For ¢/ = 1,2,3,4---, A%/er = 0.9160,0.4058,0.2644,0.1968 - - -. Since we have spin singlet
pairing, the dominant channel will be £ = 2. Hence the SC gap in the continuum limit will be
As¢ o [(k? — k2) — 2ikyk./] . In the lattice, the gap can be written as

A {[cos (kza — kya) — cos (k.c)] + 4isin (M) sin (%C) } (5.15)
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with the original coordinate. Notice that in order to compare the lattice to the continuum case, one
needs to rescale the anisotropic lattice constants a’ and c¢ in the diagonal planes; i.e. to rescale the
pink rectangles in Fig. 5.1 into squares. Within a numerical prefactor the gap is proportional to
the Fermi energy e of merons because there are no other available scales. Thus, the knowledge
of the 7" = 0 gap from experiments determines €z, a microscopic calculation of which would be

exceedingly difficult.

5.4 Discussion

Notice that the meron-antimeron pair which constitutes a skyrmion is not the same as the meron-
meron Cooper pair as shown in Fig. 5.4. This is the reason why a skyrmion has zero angular
momentum [40] while a Cooper pair formed by the merons may have nonzero angular momen-
tum. Our theory is consistent with quantum oscillation measurements, carried out at milliKelvin
temperature and high enough field to destroy the SC state, once the three-dimensional character
of the structure is taken into account. Of course our simple band structure cannot correctly obtain
all the observed frequencies [24]. In three dimensions, we predict point nodes, in agreement with
the specific heat measurements [110], but not line nodes, as inferred from the thermal conductivity
measurements [50]. Clearly there is room for many future improvements, but the prediction of po-
lar Kerr rotation [49] should establish the nature of the SC state, a chiral d-wave superconductor, a
condensate made out of fractionalized particles. This is now confirmed in the latest measurements
of Kapitulnik and his collaborators in the SC state, but not in the HO state except for impurity
effects (A. Kapitulnik, private communication). A less direct measurement of broken TRS was

recently presented in Ref. [63].
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APPENDIX A

The derivations of equations in Chapter 4

A.1 Derivation of the nonlinear o model

To derive the nonlinear o model, we compute the effective action by integrating out fermions. We

start with the action S = Z?Zl S;, where

S, = / ded; (G5 o, (A1)

with G;' = Gy} + 35

For 7 =1, 2, we have
Gy = —io’7°0, — 2ita’TV(1;0, + 0), (A2)
W .

Y = injAOUOTO — 2’70(6’ - N)T%(=n;0y + 0y), (A.3)

and for j = 3, we have
G(Ié = —io'7%0,, (A.4)
Yy = Wol(d- N)re (A.5)

The effective action will be Sq¢r = Z;’:l Seff; With

Seff,j =—In |:/ ijD¢j€_Sj:| = —In [det ’G]_1|:| , (A6)

where the fermion operators can be integrated out easily since the Hamiltonian has only bilinear

fermion operator terms. Using the mathematical identity Indet |A| = trln A with tr being the
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trace, we have
Seff,j = —tr In G&jl [1 + G()J‘Ej]
1
= —trln Gajl —tr [GOJZJ'] + §tr [G(]’ijGo,jzj] +-- -, (A7)
where we have used In(1 + z) = x — % 4o

The zeroth-order term is the effective action for free particles and the first-order term vanishes,

so our goal is to compute the second-order terms:

@
Seff ;

1
—tI' G()]E GOJ ]
= /dT/dT / 2T [Go j(z, 72!, 7) 852, ) Go (2, 752, 7) 55 (2, 7))

- -zTr [Gos (B)(@)Go (k + D(-a)| (A8)

where k = (ko, ku, ky)» G = (o, ¢u» @y)» and Gy (k) can be obtained by inverting Eqs.(A.2) and
(A.4). Here Tr is the trace over discrete indices.

Putting all together, taking long-wavelength limit (§ — 0) and keeping only terms up to the

second-order derivative, we have, for j = 1, 2,

W, .
Sf(:2f)f,j ~ [_A(23+(70)2(_%%‘1'%)2(]\[6']\[—6)]> (A.9)

where terms which are odd in & and ¢ are dropped.

Using the relation Y, ff 5= [ d7d2x|f(f, 7)|?, we obtain
2) ~ 2
Sy + e, & o [ drd UaXN‘ + |ov } (A.10)

where the constant terms are dropped, (X, Y') is the coordinate after a /4 rotation, and

1 —We
- = A1l
g1 ; 2(k2 + 4t (ks + ky)?) ( )

Similarly, for 7 = 3, we obtain
@ o _
Seff,j ~ E ko N N_q)

~ |2
N (A.12)
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where

1 oW
— = Z@ (A.13)
g3 z ko

Therefore, we obtain the nonlinear o model,

~ |2
8MN’ , (A.14)

1
Seff ~ ;/deQCE

where the constant terms and higher-order terms are dropped, and it is rescaled in order to obtain

a familiar form.

A.2 Chern-Simons coefficients

In this appendix we are going to prove that

TN 3 oG 0G| 0G]!
N(Go) = T [ / T T T

Pk, Oh, _Oh
_ [ ehy e Oho A5
/ 1 Bk, " Ok, (A.13)
We start by taking (i, v, A) to be (0, z, y), and obtain
1 1 ) B R
GgaG” = — |(iwl + 7 - hy) - (i])
Ow (iw)? — |hel?
1 o -
S Sy S (A.16)
(iw)? — |he?
and
oGt 1 - - oh
G, 2o [+7 0| -7 22
e~ iR T ]( ' 3’%)

-1 = Oh, )\ oh, —~ _ Oh
— | hy =2 | [ +i7- 2+ h, 11, (A7
(@) — Rl [( 3‘%) o (wﬁkﬁ %)] e

— — —

where we have used the matrix identity (7 - @)(7 - b) = (@ - b) +i7 - (@ x b). Similarly,
G, -1 ~ Ohy \ - oh, - _ Oh
G, — _ ho - 0 T ir | wo v by x 2 )] (A.18)
Oky  (iw)? — |hy|? [( aky> ( ok, aky>]
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Therefore,

1 —1
0G," ., 9G;
Ok, 7 Ok,

<<z’w>2—1|ﬁa|2>2{<ﬁ” Z’;)(h aﬁ)f
(5 (575 )
(i ;;>(z'; i)
[ (e B oo

Since we are going to multiply it with the antisymmetric tensor ¢,,, the terms which are

G,

+1i7

symmetric under (z <+ y) will vanish. Therefore, only the last term in the braces contributes
R O N Y N PO L S L
T\ %ok, T ok, ) T\ Mok, T o,
it |w? 850 X a—ﬁa + wh aﬁa aﬁo —waﬁa h 8_7{0
Ok, Ok, 7\ Ok, Ok, ok, \'7 Ok,
. (Oh, Oh Oh, (- Oh Oy Oho\
. ha g o o ho’ i ha’ o hg
“ (81% aky> Yok, ( 8ky> * ( ok, ok )

where we used the following mathematical identities:

L (A.20)

ix (bx @) =b@-a&) —aa-b), (@xb)x(@xe=[a-(bxadla.

Therefore, after combining with €, and taking the trace, we have

1 1 —1
T { ¢ 96" o 06" . 3G, }

Ow 8G8k3

-1 Tr | —iw? - |w? Ohs X Ohs +|h a—ﬁg X Ohs h
[(iw)? — |hy|?]? ok, = Ok, ° Ok, Ok, | °
- oh, Oh - Oh, Ohy\ -
(- F | w? i i ko) i
o) { [ (akx xaky)+(ho or 8k)h]}>
P - | ,(0h, 0h, - Oh, Ohy\ -
()2 = o P {h"' [” (% ’ aky> ok o )h ]
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—2 - 9h, Oh,

= — hy - 8_ X 4 , (A.21)
[(iw)? — [he|*]? Ok, Ok,

where we have used the fact that Pauli matrices are traceless, so the only contribution will be the

term proportional to I.

We have six nonzero terms because of the €, tensor, so
2% 6 1 - Oh, Oh
N(G,) = — / Bk = hy « — z
(Go) 2472 [(iw)? — |hy|?]? ok, % Ok,

/ &2k 1 (- 0h, Oh,
- - —_— hg c— X
AT | b3 Ok, Ok,

B _/koA Oh, _ Oh,

= — hy X —, A.22
4 Ok, Ok, ( )
where the energy integral was done by computing the residue of the second-order pole.
A.3 Spin gauge flux F}, in terms of N
In the main text, we obtain the spin gauge field to be
O.Z
fu= ?AZ, (A.23)
where f,, = —iU'9,U. Therefore, we can write the spin gauge field in terms of the unitary matrix,
o* , .
Al =Tr {02 . ?AZ} =Trlo*f,) = —iTr [0 UTBMU} , (A.24)
and we have
Fs, = 0,4, — 9,A% = —iTr [0%(8,U")(8,U) — 0*(8,U")(9,U)] . (A.25)
Assume that the spin texture has a general form
N(Z,t) = [sin0(Z, t) cos ¢(Z, t),sin O(Z, t) sin ¢(Z, 1), cos (T, 1], (A.26)

where 0(Z,t) and ¢(Z,t) can be any smooth function of position and time. Then, we have the

unitary matrix

cos 0(§’t) —sin —9(§’t) e io(@t)
Uz, t) = . . , (A.27)
(70 sin A& cis(@D) cos A&
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0 —i 0 S 0
—1sin 20,0 e™¢(3 cos 50,0 —isin $0,0)

.U (7,t) = . . (A28)
e'(—1cos 20,0 —isin20,¢) —1sin 49,0
and
—1sin 20,0 e”(—Lcos 20,0 +isin 20,
o,U(Z,t) = A 22 (=3 cos3 20.9) . (A29)
e (3 cos g&,@ + isin g&,gb) —3sin gd,@

where we have suppressed the arguments of 6(Z, t) and ¢(Z, t).

Therefore, we can calculate the product of the last two matrices, and express the spin gauge

flux as

F, = —i 5 sin 6(0,00,¢ — 0,00,¢)| x 2 =1sin0(0,00,¢ — 0,00,¢) . (A.30)

In addition, we can also write N - (GMN x 8,N) in terms of 0(Z, t) and ¢(Z, t),
N - (8,N x 9,N)
sin 0(Z, t) cos ¢(Z, t) sin 0(Z, t) sin ¢(&, t) cos (&, t)
[cos 0(Z, t) cos ¢(Z,1)0,0(Z, 1) [cos 0(Z,t) sin p(Z,1)0,0(Z,t) —sinb(Z,1)0,.0(Z,1)
— | —sinf(Z,t)sin¢(Z,1)0,0(Z,t)] +sinb(Z,t)cos ¢(Z,t)0,0(Z, t)]

[cos O(Z,t) cos ¢(Z,1)0,0(Z, 1) [cos O(Z,t) sin (%, 1)0,0(Z,t) —sinb(Z,t)0,0(Z,t)
—sinO(Z,t) sin ¢(Z, )0, d(Z,t)]  +sinb(Z,t) cos ¢(Z, )0, P(Z, t)]

= sin0(9,00,6 — 8,00,0), (A31)
where, again, we suppressed the arguments of 6(Z, t) and ¢(Z, t). Finally, we obtain

Fi,=N-(0,N x O,N). (A.32)
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APPENDIX B

Some details of Chapter 5

B.1 Mean-field Hamiltonian
The mean-field Hamiltonian with the mixed st-DDW order is
M= ULAT,, (B.1)
k

where the summation is over the reduced Brillouin zone (RBZ). The spinor, \IIT, is defined in terms

of the fermion operators (c, 4 cl o cl L cl 1 q.,) and the matrix Ay is

€L — U Ak + ZWk 0 0
Ay —iWy € — 0 0
Ay = k ko €+ — M ’ (B.2)
0 0 €L — U Ak — ZWk
0 0 Ak + ZWk €k+Q — U

where 4 is the chemical potential and the nesting vector is Cj = 273 Here the form factors W,

c

A}, and the band structure ¢;, are

ks k k.,
ex = 8tcos (TG) cos (%a) cos ( ;) 2t' [cos(ka) + cos(kya)]

+4t" cos(ka) cos(kya), (B.3)

W, = Wysin (M) sin (k;c) , (B.4)
_ Ao

Ay = - [cos (kya — kya) — cos (k,c)], (B.5)

where t,t’, and t” are the hopping amplitudes along the body diagonals, in-plane axes, and in-

plane diagonals, respectively. Notice that although a two-band tight-binding model is considered
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in Ref. [84], the Berry curvature for these two bands are the same because the ', ¢ and A1, terms
commute with the Hamiltonian. Therefore, for simplicity the band index « and the crystal-field

splitting A5 have been dropped.

The eigenvalues of the Hamiltonian are

Akt = € — b £ B, (B.6)

where By = \/¢2, + W2 + A2, the +(—) sign indicates the upper (lower) band, and

€1 = w = 8t cos (k;a) Cos (%) cos (k;c> , (B.7)
I w = 2t [cos(kya) + cos(kya)] 4 4t" cos(k,a) cos(kya) (B.3)

B.2 Topological invariant

The topology of the system can be studied by computing the Berry phase of the eigenstates, and

—

we define the Berry curvature, 2, ., as

Qyr = Vg X (Pt (k)73 Pt (K)), (B.9)

where |®, ;. (k)) are the corresponding eigenstates. The Berry phase will be the integral of the

Berry curvature over the reduced Brillouin zone (RBZ).

Since the mixed st-DDW order is on the diagonal planes, one may expect that the nonzero
contribution to Berry phase arises from the component of the Berry curvature perpendicular to the

diagonal planes. This is indeed the case, and in order to simplify the calculation, we first rotate the

coordinate along z axis by 45°, i.e. ©’ = %, y/Lf;y), and 2’ = z.
e1p = At {cos ( 2a ) + cos < y2a )} oS ( 20) , (B.10)
€, = 4t cos < 2@ > oS ( y2a ) + 2t" [cos (kya’) + cos (kya')], (B.11)
k. ! k’zl
W, = Wosin( 2“)sin< 20 , (B.12)
Ay ,
Ay = 5 [cos (kya') — cos (k)] (B.13)



where ' = v/2a. The crystal structure is shown in Fig. 5.1 in Chapter 5, where we can find the
primitive vectors in the rotated coordinate are % (&' + '), 4 (—4’ +¢/) and c2'. Therefore, the RBZ
is bounded by |k, a’ + kya’| = 27 and |k,.c| = 7. The spin-current patterns are now in the 'z’
planes (yy' = constant). We choose the spin quantization axis to be ' axis, so ¢ = +1 means the
spin is along 7 direction.We will see below the nonzero contribution to the Berry phase is only

from the i/ component.

The Hamiltonian can be written as

- . Ck,o
H=3 (el ogo) (e + o 7) , (B.14)
k,o Ck+Q,o

where 70 is 2 x 2 identity matrix and 7 are the Pauli matrices acting on the two-component spinor.
Here the pseudospin vector is defined as 710 = (Ag, —oWjy, €1). We have shown that the Berry
curvature can be written in terms of the pseudospin vector h, [41]. The 2/, y' and 2’ components

of the Berry curvature have the following forms,

1 - (06h, Oh
Do)y = hy - d 7, B.15
1 - (0h, Oh
O )y = - id 7 B.1
Qs = Fgpahe <8kZ/ x %), (B.16)
1 - (0h, Oh
Vo) = hy - id 7. B.17
(20,+) :FQE,? (81@ X 8]%/) (B.17)

Notice that the Berry curvature does not depend on the ¢, t” terms. To be explicit, we have

Ak Wi e

(—0) | oA, oW e
+ 2E? Ok, Ok, Ok,

AL Wi  Oern
ok, Ok, Ok

tWolod'c . (kyd\ . [kyd 5 [ ke
= 4o 53— sin sin cos
4E; 2 2 2

X [—2 + cos (kpa') + cos (k)] (B.18)

(Qa,:l:)x’
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For the ¥’ component, we have

Ak Wi e

—0 0A oW, @
(Qa,i)y’ = F (2E3) 8]6217 W; %
k

0N, Wi dewx
Ok, Ok, Ok

A /
= j:gﬂ/nggac 2 — cos (kpa') — cos (k.c)]
!/ /
X {2 + cos (kya') + cos (k.c) + cos (kx; ) cos (ky; ) [3 + cos (k;z/c)]}

(B.19)

For the 2’ component, we have

Ay Wi ew
Q (—0) | oA, WL  Dey
(Qos)y = F 2D | O Ok Ok

08, Wi deyy
ok, Ok, Ok,

!/ k/ /
) sin < y2a > sin (k.rc) [=2 + cos (kya') + cos (ko))

(B.20)

Although (€2, 4 ), and (€2, )., are nonzero, their integrals over the RBZ are zero. In other
words, because of the planar structure of the order parameter, the Berry curvature and the topology
will be similar to the two-dimensional model [41]. Under time reversal, the kya’ = 7 plane
maps onto the k,ya’ = —m plane, which is equivalent to the k,a’ = 7 plane because there is a
reflection symmetry under k,, <+ —k,. Therefore, the k,a’ = 7 plane maps onto itself under
time reversal, so there is a topological invariant associated with the k,a’ = 7 plane [86]. On
the other hand, the k,,a’ = 0 plane, which also maps onto itself under time reversal, is not fully
gapped, so topological invariant is not well defined on this plane. In addition, for k,a’ = , the
spectrum is fully gapped, which leads to an exponential behavior of the specific heat consistent

with experiments and therefore implies that the relevant physics is on the k, a’ = 7 plane.
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For the ¥’ component, we thus project the Berry curvature to the k, a’ = 7 plane and perform

the integral. The Chern number for each band will be

1 [ °
Na,:i: = 2—/ dk?x// dkz’(Qa,:l:)y’ ::l:O', (le)
m™J)_= —

o

where the last integral was performed using Mathematica and the result does not depend on the
details of the band parameters as long as ¢, W, and A are all nonzero. Therefore, the topology
of the system is nontrivial, and there will be a quantized spin Hall conductance on the z’z’ planes,

ig}n = 5. Then, the skyrmionic spin texture can be constructed on the 'z’ plane, and one can

find that the skyrmions in the system carry charge 2e as in Refs. [31, 40].

B.3 Skyrmions in the system

B.3.1 Low-energy action

As mentioned above, because of the planar structure of the order parameter, the interesting physics,
such as the spin current patterns and the quantized spin Hall conductance, will be on the diagonal
2’z planes (1 = constant). So we may project the system onto the 2’2" planes to construct the
linearized low-energy action. Again, the spin quantization axis is along 3/ axis, which is perpen-
dicular to the z’z’ planes.

Defining the spinor w;i o= (cL o cz 10 ,,) (not to be confused with the meron operator in Chap-

ter 5), the Hamiltonian can be written as
H=>"S"ul, [5a57%1k b GasT Ay — (G - N)amywk} . (B.22)
Bk
where 7% (i = x,, 2) are Pauli matrices acting on the two-component spinor. For simplicity we

havesett’ =t" = p=0and kya’ =7, so

kya ks
€1, = 4tcos < va ) oS ( z C> , (B.23)
2 2
W, = W,ysin (kg“ ) sin (k;) , (B.24)
Ag ,
Ay = 5 [cos (kya') — cos (k.c)] (B.25)
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We can construct the low-energy effective model by linearizing the action around the following

points,
K = %A’, (B.26)
K, = ~#, (B.27)
a
Ky = ~#+ 2, (B.28)
a C

where K 1 and [?2 are the nodal points in the absence of the singlet component (A = 0), and K 3

is the nodal point in the absence of triplet component (W, = 0).

Therefore, the linearized low-energy action will be
3 t z 1 T = A WO /
S = d°x S ) | =0, + 2t C(Zaz/) —7"Ag + (- N)T¥—ad'(=0) | U1
1 .
+ap] [—87 + 2t72a'(;(9$/) +7°Ao + (7 - N)Ty—c(—,azx)} 0

+4p! [—87 +(@@-N )TyWo] ¢3} 7 (B.29)

where we have introduced the imaginary time :0; = —0..

Notice that there is no spatial derivative in the 13 term since the expansion of the form factor

W), around the nodal point K3 is
ea” gt )
Y

(B.30)

where the second- (and higher-) order derivative terms are dropped when linearizing the action. In

other words, the IV, term behaves as a mass term at the K3 point.

B.3.2 The charges of the skyrmions: an adiabatic argument

We will compute the charge of skyrmions in the system by the adiabatic argument [31]. Consider
the action around K when the order parameter is uniform (say, N = ¢'). The results for K, and

K follow identically.

1 / 1
Sl = /dgl'iﬂi |:—87- + QtTZC(gaZ/) - TxAO + o Ty%a/(;ax/) wl (B31)
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As mentioned above, the spin quantization axis is now along 3/’ axis, so ¢ = +1 means the spin

is along 43’ direction, and the Pauli spin matrices are

In the previous section we have shown that the nontrivial topology leads to a quantized spin
Hall conductance on the 2’2’ planes. The quantized spin Hall conductance implies that the external
gauge fields A7, and A;, couple to spin and charge currents, respectively. In the presence of these

external gauge fields, we add minimal coupling in the action by taking
1 1 . v
S0 = 20, A+ AT, (B.33)

and the action can be written as

/

Yy v’
Sl[AC, As] = /d?’mﬂ [—i (%& + A + %Ai) + 2tt%c <%8z/ + A5+ %Aj)

, Wo (1 v
—Ton + o 7'970&' (;(% + A;/ + %A;;)} @ZJl, (B34)

where we set e = h = ¢ = 1. The nonvanishing transverse spin conductance implies that the low

energy effective action for the gauge fields is given by
i VA AcC s
Sy eff = 5 / dPx e ACO, A3, (B.35)

and the charge current is induced by the spin gauge field

-C 1 4 S
js = %e“ 2, A3 (B.36)

. . . spin .
Notice that the prefactor comes from the quantized spin Hall conductance %E, = 3, sothisisa

physical charge current.

Consider a static configuration of the N field with Pontryagin index one,
N(r,0) = [sin a(r) sin 6, cos a(r), sin ov(r') cos 0] , (B.37)

where (7, 6) is the polar coordinate defined on the 2’2’ planes and «(r) satisfies the boundary

conditions a(r = 0) = 0 and a(r — oo) = . This field configuration corresponds to a skyrmion,
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and now the action is

1 W, 1
Sl = /dgl'TﬂI |:—BT + 2757%(;82/) - TxAO + (C_f . N)TyTOCLI(—_ax/) ¢1
l
We can perform a unitary transformation at all points in space such that
Ut(@ - NYU = o
Defining ¢» = U/, and plugging into Eq.(B.38), we obtain
3 rrt z 1 x - A WO / 1 ’
S1 = U | =0, + 2t77¢(=0,) — T Do + (T - N)Ty7a (=0x)| U
i i

= /dgmblf {—87 + 2t7‘zc(%8z/) —7%Ng + O’y/Ty%a/(laz/)] P
i

(B.38)

(B.39)

1 : 1
+ / dPxipy {— (U'0.U) + 2tr°c (;UTE?Z/U) + oY ry%a' (—_UTE)I,U)] W
(4

Equating Eq.(B.40) and Eq.(B.34), we have, as r — oo,

1 y
“uto,u = Zoas,
1 2
1 v
“vtou = T4,
l 2
al‘ld ch_ == Af_ — A;/ - Ag/ - O.
In the far-field limit, the unitary matrix is
0 —e
U(r — 00,0) = 4 ;
e’ 0
so the spin gauge field will be
I _251n92, n 20089£, _ gé’
r r r

which is in the 2’2 planes.

(B.40)

(B.41)

(B.42)

(B.43)

(B.44)

In other words, threading a skyrmion into the system is equivalent to adding an external spin

gauge field A® with a flux of 4 in the y' direction. Suppose we adiabatically construct the
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skyrmionic configuration N (r, #) from the ground state ¢/ in a very large time period T, — 00.
During the process, we effectively thread a spin gauge flux of 47 adiabatically into the x’z’ planes.
The quantized spin Hall conductance implies that a radial current will be induced by the 47 spin

gauge flux of A*(t), which is now time-dependent: A*(t = 0) = 0 and A%(t = 7,,) = A*. That is,

1
Jr(t) = —5 0 Ay(t). (B.45)

As a result, charge will be transferred from the center to the boundary, and the total charge

transferred during the process can be computed by performing the integral

T 2
Q= / dt / rdd jo(t) = —2. (B.46)
0 0

Therefore, we obtain a skyrmion with charge 2¢ and flux 4, as in the two-dimensional model [40].
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