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Scientific progress and accomplishments

Congjun Wu, Department of Physics, University of Califesnan Diego

We present our research for the ARO award W911NF0810291ththitle “Novel quantum
states with exotic spin properties - Unconventional gehestions of magnetisinin the entire
supporting period (Jul. 2008- Sept. 2011). My group has nsagieificant progress in several
directions related to the proposed results. We presentesgarch on the microscopic mechanism
on the nematic states observed inBKRO7 in Sect. 1. The study of strong correlation effects in
topological insulators is presented in Sect. 2. The studyradvel topological insulators based on
high dimensional Landau levels is presented in Sect. 3. &b. SE we present our study on the
iron-based superconductivity. The summary of importasiits in given in Sect. 5.

Under the support by ARO, we have an excellent publicati@onekin high profile research
journals. We have published one article in Science, fouclag in Physical Review Letters, four
articles in Physical Review B, and three papers under reaidvhysical Review.

Below we will describe the progress in each direction.

1 Unconventional magnetism in SgRu,07

We extended our idea of unconventional magnetism of the Fagmd theory [1, 2] to orbital
band systems, and applied it for the nematic metamagnatie gbserved in the strontium ruthen-
ate material SRwO7 in A. Mackenzie’s group. The microscopic theory for the némmetam-
agnetic transition was constructed [3]. This state is @sgdnthe unconventional magnetic states
we proposed in thd-wave channel with a partial spin polarization [1, 2]. In tlealistic orbital
band systems of SRu,O7, it also induces orbital ordering. Furthermore, we perfednthe cal-
culation to explain the experimentally observed the gpasiicle interference pattern of the STM
spectroscopy in Ru,O7 measured by J. C. Davis’s group [4, 5]. We also investigdiedhier-
modynamic properties in the nematic regime [6], which wassneed in A. Mackenzie’s group
[7, 8].

1.1 The key questions of the nematic states in SRu,07

In the past decade, the nematic metamagnetic states odserihee external magnetic field have
aroused a great deal of research interest in the condengger mammunity. When th&-field
perpendicular is applied to tta-plane between 7.8 and 8.1 Tesla, the transport propextiesie
a strong spontaneous in-plane anisotropy alon@tiedb-axis [9, 10, 11, 12, 13, 14, 15, 16].
This effect is of electronic origin because the latticeatison observed is negligible. 1t has been
interpreted as a nematic state with the anisotropic distodf the Fermi surface of the majority
spin polarized by the external magnetic field in Ref. [10].oTkey questions have still not been
answered satisfyingly in previous theory work. FirstzRb07 is atyg-band (dyz, dyz, anddyy)
system with the activedtorbitals of Ru. Thedy, anddy-orbitals extend in the&z andyz plane,
respectively, thus they behave quasi-one dimensionaéiatiplane. Thedy-orbital lies inside the
ab-plane, and its band structure is two-dimensional. Whiahdisaare responsible for the nematic
behavior? Second, the nematic metamagnetic states resjroreg exchange interactions in the
d-wave channel, while the usual exchange interaction froml@uvob repulsion is dominate in the
s-wave channel. How to reconcile this discrepancy?
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Figure 1: A) The hybridized quasi-1D bonding bandsdyf andd,,. As moving around the large Fermi
surface, the orbital configuration exhibitsdavave pattern, varying fronol, — dy, — dy; — dy,. B) An
idealized Fermi surface by rounding off the large Fermiacefin A). C) Self-consistent calculation results
of the spin magnetizatiom (the dotted line) and the the nematic order parameftre solid line)versusthe
external magnetic field. The nematic ordering develops between two consecutivamagnetic transitions.
The topologies of Fermi surface in each phases are sketoltbd insects, where the solid and dashed lines
represent the Fermi surface of the majority and the mingpin bands.

We have provided a natural answer by extending our previoesry of unconventional mag-
netism into multi-band systems in Ref. [3]. We point out thias the hybridizedquasi-one-
dimensional ¢, anddy, bands that are responsible for the nematic ordering baséuwkedollowing
reasoning. The nematic metamagnetic state is only obsémibe bilayer compound SRwO7,
but not in the monolayer compound,8uQy, both of which are théxg-orbital systems. The key
difference in electronic structures between them is thaybil splitting, which is prominent for the
quasi-one dimensional bandsay{ anddy, but small for the two-dimensional bands af,. It is
natural to expect that the spontaneous nematic behaviorsat the bands ofly, anddy, and is
accompanied by an orbital ordering. Furthermore, our mashabased on the quasi-one dimen-
sional band naturally generates the exchange interagctitimeid-wave channel. The orbital band
hybridization betweedy, anddy, shifts a significant spectra weight of the exchange intevadto
thed-wave channel, thus the nematic ordering can arise fromdheantional multi-band Hubbard
interactions.

1.2 Our mechanism — unconventional magnetism in thel, and dy-bands

We present below a heuristic picture to illustrate how alhitybridization between théy,; and
dy, band enhances tliewave channel exchange interaction. We first review the @xgh interac-
tion in the usual single band system in the Landau Fermididgioeory. At the Hartree-Fock level
it is expressed a$?(p1, p2) = —%V(||31 — P2|), wherea represents the spin channel interaction,
V(p) is the Fourier transform of the two-body interactidr; —»|), say, the Coulomb interac-
tion. The high partial wave channel component¥ ¢f) are usually weak, thus the condition for
unconventional magnetism is more stringent than the ubeahivave channel ferromagnetism.
This situation is significantly changed in the hybridiziggandd,, quasi-one dimensional bands
presented above. Without loss of generality, let us rouhdhef large Fermi surface depicted in
Fig. 2 A to a circle as in Fig. 2 B assuming that the single pkatorbital configuration takes



the form of |Ws(P)) = €PTu(P) ® Xq, Whereu(p) = (cospp|dyz) + Sin@y|dy,)) is the Bloch wave
function with the internal orbital configurationg;, is the azimuthal angle df; xs(o =T1,]) are
the spin eigenstates. The exchange interaction betweetnaie with the same spin isV (p1 —
B2) | (u(pa)|u(p2))|? = =V (P1 — B2) cof(@p, — @p,). Because of this factor of the inner product,
the spin channel exchange interaction changes into

(B1. ) = —[1+C05T0r, — Gp,)V(P1— P2). )

Therefore even if the bare interactidi{p; — p2) is dominated by thes-wave channel, the extra
d-wave factor arising from the orbital hybridization shitissignificant weight into thel-wave
channel.

With the above non-trivial band structure, we achieve thgeerentally observed nematic
metamagnetic state with the multi-band Hubbard interastioThese interactions, including the
intra-orbital and inter-orbital repulsions and Hunds redeiplings, are natural interactions widely
used to describe transition metal oxides. Thus we do not aeéttial interactions as in Ref.
[17, 18, 19]. The Hubbard interactions by themselves do eslt in the exotic nematic states
because their contribution is concentrated in the isotrepvave channel if there were no band
hybridization. However, when projected into the hybridizk, anddy, bands, Hubbard interac-
tions acquire thel-wave channel component with a significant weight which spomsible for the
nematic states. The phase diagram from the self-conssaéntlation is presented in Fig. 2 C.

1.3 Spectroscopic imaging scanning tunneling microscopy (ST)as a probe to the nematic
metamagnetic state

Quasi-particle interference (QPI) of the spectroscopagmg STM has become a powerful method
to investigate electronic structure and competing ordessrongly correlated systems [20, 21, 22,
23]. Itis amazing that the real space local probe of STM cae gse to the electronic information
of momentum space. It has the advantages of a high energlitiescand the ability to access
unoccupied states above the Fermi energy. The process @iRhanalysis is as follows. First,
the real space distribution of the local density of statesiad a single impurity is measured by
STM with a high precision. Then its Fourier transform is pemied, which reveals the momentum
change during electron scattering processes. Positiotishigh spectra weight correspond to
scattering wavevectors connecting regimes with high dermdistates in the iso-energy line in
momentum space.

In the presence of nematic ordering, the Fermi surface é@slabisotropic distortion. The four-
fold rotational symmetry of the Fermi surface is broken itvo-fold. This symmetry breaking
nicely exhibits in the QPI pattern in which the stripes onkyemd along one particular direction
as expected for a nematic order. Thus QPI provides a semgitobe to the nematic ordering. In
fact, this pattern has actually been seen in QPI spectraeoifdim-pnictide compound CapAs,
in the a1 o-Fermi surfaces around thiepoint by the same group of J. C. Davis [24]. These Fermi
surfaces are of the nature @, anddy,, thus our above analysis also applies.

Recently, this technique has been applied §R8507 with 1% Ru sites substituted by Ti in
Davis’ group [25]. The Ti sites behave as scattering cenfEine most prominent feature in their
results is the characteristic square-box-like patterrauntheory, this pattern is the key feature of
the scattering from the nearly nested quasi one-dimenisiearals ofdy, anddy, [4]. Our work
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Figure 2: The Fermi surfaces of 8Rw,O7 using the bilayer tight-binding model with different ineyer
biasVias for (a) Vbias/to = 0, (b) Vbias/to = 0.05, (€)Vhias/to = 0.1, and (d)Vpias/to = 0.15. The thick dashed
lines mark the boundary of half Brillouin zone due to the wetl doubling induced by the rotation of
octahedra oxygens. Fig. (a) represents the bulk Fermicagfaithout interlayer bias. The bondirg € 0,
black solid lines) and the anti-bonding bankis= 11, red dashed lines) could cross sitkgés a good quantum
number. Fig. (c) fits the Fermi surfaces measured by ARPES Besmi surface sheets af, dy, yi, Vo,
andf} are marked. From Ref. [27].

provides a theoretical support of a new detection methotiédmnematic metamagnetic state and
orbital ordering.

The realistic band structure of SRu,07 We first constructed a tight-binding model to capture the
complicated Fermi surface structures of the bilayer ruitenompound of SRu,O7, including its
tog-orbital structure, the spin-orbit coupling, the bilaypliging, and the staggered rotations of the
RuO octahedra. The band parameters are chosen by fittinglthdated Fermi surfaces with those
measured in the ARPES experiment performed by Shen’s gizjp We found that in order to
explain the measured Fermi surface structures, an intarlags potentialpias needs to be added
between two RuO layers. This is because two top layers onutti@ce, which are sensitive to the
ARPES measurement, are non-equivalent with different viomktions. Such an effect is absent
in the bulk due to the reflection symmetry between bilayetscivcorresponds tohias = 0. The
Fermi surface structures ofs§Ru,O7 with different values of the interlayer bids;,s are presented
in Fig. 2. As can be clearly seen, they are very complicatégl. Z(c) is the best fit to the Fermi
surfaces of the surface bilayer measured in ARPES. Ferfacisheets marked withy, a2, v,

Y2, and are observed in ARPES [26]. The sheet has dominant 2-8y orbital character; the
smally, sheets are hybridized between thg-orbital and the quasi-10,y-orbital bands; thety »
sheets are mostly formed by quasiddy orbitals.
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Figure 3:(LHS) QPI imagings at different values of bias @)= 0, (b) E = —0.03, (c)E = —0.06, and
(d) E=—-0.1. The main features are similar because the Fermi surfdcagoare relatively insensitive
to E throughout this energy range. (RHS) The QPI imagings withrttmatic order. The breaking of the
four-fold symmetry to the two-fold symmetry is clearly se&nom Ref. [27].

The QPI spectra Based on the above band structure, we perfornTtmeatrix calculation for the
QPI spectra with different values of the STM bias as presemd-ig. 3 (LHS). Our calculation
exhibits the hollow square-box-like feature which agreedl with the experimental observation
[25]. This dispersion of the QPI spectra with varying the Siids is also qualitatively consistent
with the experimental results. This square-box-like featarises from the scattering from the
nearly nested quasi-one-dimensional bands ofothe The brightest spots at the corners come
from the quasi-1D components of the smglibands. These bands are close to the van Hove
singularity, and thus their scatterings are enhanced.

QPI as a probe to the nematic metamagnetic state The experiment performed by Davis’ group on
SRW0O; so far is in the zero magnetic field, which is out of the nemphase, thus no 4-fold
symmetry breaking effects were observed. In a previousrdajpeve have shown that the QPI is
a sensitive method to detect the nematic ordering, whicibéslas the 4-fold symmetry breaking
into the 2-fold symmetry. In fact, this pattern has actubkgn seen in the QPI spectra of the iron-
pnictide compound CaFkAs; in thea >-Fermi surfaces around tliepoint in the same experiment
group [28].

In our new paper [27], we calculated the QPI pattern in theatenstate in S§Rw,O7 as de-
picted in Fig. 3 (RHS). In spite of the complicated band gtrces, the symmetry breaking pattern
from the 4-fold to 2-fold is clearly seen. This feature candsted in future experiments.

1.4 Thermodynamic properties of the unconventional metamagniic states of SERu,0O7

Rostet. al[7, 8] measured the entropy and specific heat near the metetiatgansition and found
divergences near &/T = A[(H — Hc)/Hc] @ with the exponentt = 1. This feature has been
interpreted as the signature of strong correlation physicgiantum criticality. Another puzzling
is that the boundary of the nematic regime inThe H phase diagram has the “muffin” shape, i.e.,
increasing temperatures can drive the transition fromgbgapic phase to the nematic phase. This
means that the nematic phase has higher entropy than thepggphase at low temperatures.
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Figure 4:(LHS) The entropy landscape represented by the quaB(y/T in unit of k3 /t; within the range

of 0.0045< pgB/t; <0.007. A sudden increase near the nematic region (green ardeagrly seen. (Middle)
Phase diagram at finite temperatures. Magnitudes of thetiondering are represented by the color scales.
The re-entry of the nematic order at higher temperaturees aefields between@058< pgB/t; < 0.0063.
(RHS) The total DOSot(w) as a function ofugB. pior(w) does not follow the rigid band picture and
pProt (W= 0) has a sudden increase near the nematic region. Inset: #h®WS at zero field for a wider range
of |w|/t; < 0.4. The peaks corresponding to van Hove singularities arewga~ —0.2 andw/t; ~ 0.35.

Motivated by the observation that at low temperatures, fiothnematic and isotropic phases
are Fermi liquids from the resistivity-temperature meaments, we feel that the self-consistent
mean-field theory (MFT) is sufficient to capture the esséptigsics. In our new paper [6], we
performed the self-consistent MFT calculations for theriedynamic quantities by taking into
account the competition between ferromagnetic and neroaderings, which qualitatively agree
with the experimental results.

Entropy and DOS near the nematic region The entropyv.s. the Zeeman energy are plotted in
Fig. 4 (LHS). The increase of the entropy towards the nematiime and its non-monotonic
behavior in the nematic regime are in agreement with exparisy which are combined effects of
van Hove singularity of DOS and interaction. The calculated T phase diagram is plotted in
Fig. 4 (Middle), the shape of the phase boundary on the hajtd-$ide agrees with the experiment
results, which means that increasing temperatures cap the/ system into the nematic phase.
This results are consistent with the entropy plotted in BigLHS), which shows that the entropy
is larger in the nematic phase than the isotropy phase atoiedary of high field side. However,
our calculation for the phase boundary of the low-field sidesdnot agree with experiments.

Furthermore, we also calculated the density of stae&eeman energy, which shows that the
increase of density of states when the field is in the nemeagione as presented in Fig. 4 (RHS).
The density of states cannot be described as a rigid Zeeniaimsilgreement with experiments.
This is a result of spin-orbit coupling effect.

In-plane B field induced anisotropy Another puzzle remains to be explained is the correlation
between transport anisotropy and the in-plane componethiedB-field measured in experiments
[11]. Suppose with an in-plari&-field along thex-axis, the resistivity measurements show that the
easy axis is along thgdirection. As pointed out by Raghet al. [29], an uniform nematic state
actually does not exhibit much anisotropy in the chargespart. The point is that the nematic
phase is mostly associated with the states near the van iaudarity whose Fermi velocities are
too small to have sizable contribution to the transport progs. Therefore the observed anisotropic
resistivity is mostly likely due to the scatterings betweaematic domains. However, it is still not
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Figure 5:lllustration of the energetically-favored domain struesias the in-plane magnetic field is along ~
axis. When the in-plane magnetic field is weak, the phasethtipreferredi,-orbital are dominant (shaded
areas) and high-energy domains with theorbital (green ovals) could exist. (b) The domain wallseext
longer iny direction because it costs less energies if yessanx- bonds are broken in thai-orbital ordered
background. The white oval represents the wave functiady.adrbital on each site. The current flows much
more easily along-axis thanx“axis since the electrons suffer less domain scatteringpihg along this
direction. As the in-plane magnetic field is strong, theggfgnergy domains vanish, thus there is no longer
an easy axis for the current flow.

clear why the easy axis of charge transport is perpenditulde in-planeB-field.

We provide a natural explanation below based on the anigictspatial extension of the domain
walls as explained below as depicted in Fig. 5. Assumind3tfield lying in thexzplane, the in-
plane(xy) orbital Zeeman energy reabs,  piane= —HsBSINOY; 4 Lxia, Which couples thely and
dv~orbitals and breaks the degeneracy betweerdthanddy-orbitals. Since thely-orbital has
lower on-site energy due to the crystal field splitting tHzat bfdy,, thedy-orbital bands are pushed
to higher energy thady-orbital bands by this extra coupling. As a result, the nésrstate with
preferreddy~orbitals has lower energy in the homogeneous system. Al amgies off, domains
with preferreddy~orbitals could form as depicted in Fig. 5 (a) as meta-stataltes, which occupy
less volume than the majority domains. Let us consider thpesif the domain walls. Because of
the quasi-1D features, the horizontal (vertical) domaiti r@aks the bonds of tha,(dy,)-orbital
as depicted in Fig. 5 (b), respectively. Since theorbital is preferred byin_piane the horizontal
domain wall costs more energy. Consequently, the domaitstte illustrated in Fig. 5 (a) with
longer vertical walls than the horizontal walls is energgty favored, and causes the easy axis of
y for the current flow.

2 Strong interaction effects in the Kane-Mele model of topolgical insula-
tors

The study of topological insulators (TI) in both two dimemss (2D) and three dimensions (3D)
has become a major focus of condensed matter physics [3B2383, 34, 35, 36, 37, 38, 39,
40, 41, 42]. The quantum Hall systems are the prototype adfltgical insulators, which breaks
time-reversal (TR) symmetry and whose magnetic band streigs characterized by the integer
Chern number. In contrast, these new Tls maintain TR synynatid their band structures are
characterized by the nontriviab-index for both 2D and 3D systems. On the edge of the 2D
topological insulators, odd number channels of helicabadgdes appear. On the surface of the 3D



topological insulators, odd number of surface Dirac comgear. Both of them are stable against
disorder scatterings. However, interaction effects imtogical insulators have not been paid much
attention yet. Although we expect that topological insalatremain stable at weak interactions,
their stability under intermediate and strong interaci@an important open question.

Our previous work of Ref. [43] is one of the first two paperslexy addressing this question
(the other one is by J. Mookt al. posted at the same time [44]). The main result is thaiZthar-
gument provided by Kane and Mele [33] needs reconsideréatitre presence of interactions. Let
us consider the 1D helical edge modes of the 2D TIs, althdoglsingle particle backscattering is
forbidden by TR symmetry, the two-patrticle correlated Isaeittering are allowed by TR symme-
try. The two-particle backscattering is an interactioretf Under strong repulsive interactions, its
effects are non-perturbative and can gap out the edge mgdgsintaneously breaking TR sym-
metry. In other words, the helical edge modes become umst@lancrete criteria for the stability
of the helical edge modes were given in terms of the phenologital Luttinger parameters based
on the field theoretical analysis of bosonization.

2.1 Sign problem free QMC simulation to the Kane-Mele-Hubbard model

Based on our past analytical work, we further performed tinaerical simulations of quantum
Monte Carlo (QMC) for the quantitative results of strongenatction effects in topological insula-
tors [45]. Our work is one of the first two papers using QMC tadstthe interaction effects in
topological insulators (The other one is by Assaad’s graf). [These two works are independent
from each other).

QMC plays an important role in the study of strong correlagdfects of fermions, and is cur-
rently the only scalable numerical method generating enessttits in 2D under suitable conditions.
However, QMC suffers from the notoriotisign problem” for most fermion systems. This prob-
lem is the major obstacle for QMC to apply in strongly cortetasystems. It refers to the fact
that the amplitudes of a quantum process of fermions ardlysu# positive-definite, thus cannot
be directly interpreted as classic probability. If the fsigroblem” appears, numerical errors grow
exponentially as increasing sample size and decreasinuetature and QMC fails. Under certain
situations, for example, the Hubbard model in the bipalétéce at half-filling, the sign problem
disappears due to the particle-hole symmetry. In this caselusive results can be drawn from the
high precession simulations. A celebrated result is thstemce of the antiferromagnetic (AFM)
long-range-order at zero temperature in the 2D squaredd#ti/].

Fortunately, we have proved that for the prototype modelifer2D TIs, the Kane-Mele model
[33] with the augmentation of the Hubbard interaction, tigge oroblem is absent. This is counter-
intuitive: the free part of the Kane-Mele-Hubbard modebiwes the next-nearest-neighbor (NNN)
hopping in the honeycomb lattice. Usually, the NNN hoppineglixs the particle-hole symmetry of
the Hubbard model and leads to the sign problem and thedafu@MC. Nevertheless, in the case
that the NNN hopping is purely imaginary, the Kane-Mele-Haitw model is in fact particle-hole
symmetry at half-filling.

Phase diagram of the Kane-Mele-Hubbard model using QMC Our results from QMC sim-
ulations are depicted in Fig. 6 LH8l is the Hubbard interaction is the spin-orbit coupling
strengthi is the hopping amplitude. Clearly &k/t goes large, the system finally goes into long-
range-ordered antiferromagnetic (AFM) phase whose bayridanarked. The AFM phase is a
topologically trivial phase whose bulk state breaks TR swtmyn There are no non-trivial gapless
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Figure 6: Left hand side (LHS): A plot of the phase diagram of the KanglevHubbard model from our
QMC simulations. The magnetic phase boundary is marked.lifibef A = 0 corresponds to the case of
pure Hubbard model in the honeycomb lattice that was siradlat Ref. [48] by Menget al.. Right hand
side (RHS): The two-point equal-time spin correlation fime (G|S(F)S,(F')|G) along the zig-zag edge
with A = 0.1 andU = 3. The length of the zig-zag edge ix34 and the width of the ribbon is 4. Because
the zig-zag edge contains the sites of batindB sub-lattices, the fitted decay powers are slightly differen
We use their average value to obtain the Luttinger paranketer0.21.

edge modes in the AFM phase. Due to spin-orbit coupling, pire SU(2) symmetry is explicitly
broken. The AFM moments favor lying in tixg-plane, thus it is in th&XY-class.

There is a large portion in the phase diagram at small andhireigiate values dfl /t in which
the system remains paramagnetic. Apparently, TR symmegtnyaintained in the paramagnetic
states. AU/t = 0, the system is non-trivial as the topological band insulaBut the question
is that whether all the regime of the paramagnetic statepisltgically non-trivial. Naively, one
would expect that the system remains non-trivial with gapledge modes until the bulk becomes
AFM long-range-ordered. Here we will show that this pictisrécorrect.

Destabilization of the helical edge modes A major result of our QMC simulations is that the
edges of the Kane-Mele-Hubbard systems can be nearly AFgtiange-ordered while the bulk
remains paramagnetic. Because of the band gap inside thdleliinteraction needs to be stronger
than the bulk band gap to drive AFM. Nevertheless, edgesapkegs at weak interactions due to
the non-trivial band topology. Interaction effects aremmeent in gapless systems, thus the AFM
correlations are stronger along edges than in the bulkréasonable to expect that edges develop
AFM earlier while the bulk remains TR invariant and parametgn

In Fig. 6 RHS, we calculate the spin-spin correlation fumiesi along the edge, which shows
the power-law correlations. This means the developing efdghasi-long-range order. The only
reason that prevents the developing of true long-rang asdbe conservation @, for the purpose
to remove the sign problem. However, this feature is notirequor the most general models
of topological insulators. This exttd(1) symmetry cannot be spontaneously broken in 1D edge
systems due to a rigorous result of Winger-Mermin-Colenteotem. Nevertheless, in the Fig.
6 RHS with an intermediate value bf/t = 3, the average decay power of the AFM two-point
function is very small. Actually, from our previous anabal results, as long as the condition of
S,-conservation is released, the edge will be AFM long-raogkered and gapped.

In our previous bosonization analysis, the decay power @fettige spin correlation function



is 2K, whereK is the phenomenological Luttinger parameter to describengical edge modes.
At K < % the two-particle backscattering term mentioned befobees non-perturbative, and
destabilizes the helical edge modes by developing theangetange ordered AFM. Such atermin
principle is allowed to exist because it maintains TR synmndthus we can divide the above para-
magnetic regime in Fig. 6 LHS into two parts accordig: % andK > % respectively. The regime
of K > % corresponds to weak interactions in which the edge rem&abgesagainst the two-particle
backscattering; while the regime Kf < % corresponds to intermediate interactions, in which the
bulk remains paramagnetic and the edge is unstable undevdhearticle backscatterings. A pre-
cise phase boundary between them requires more detaileerivanwvork. Nevertheless, we have
shown that the case depicted in Fig. 6 already belongs tanteamediate interaction regime and
the helical edge modes are unstable.

2.2 Kondo problem in the helical edge modes

Magnetic impurities have dramatic effects in transporiperties known as Kondo effect [49, 50,
51, 52, 53, 54, 55]. The Kondo effect in the helical edge stateéhe 2D topological insulators is
an important question both theoretical and experimental.

Initialed in a previous work [56] and continued in a recenpgra[57] in collaboration with S.
C. Zhang’s group, we have performed a thorough study of thedeffect in the helical edges
of topological insulators. We have performed a renormabragroup analysis with new features
brought by interactions. It is remarkable that the repelgneractions shift the critical Kondo cou-
pling constant to the ferromagnetic side, which means tloaidd singlet can be formed with both
the antiferromagnetic and weak ferromagnetic couplindgerahe formation of the Kondo singlet,
it behaves like a spinless impurity, which can only causesplshift to the edge electrons. We fur-
ther calculated the edge conductance of the 2D topologisalator as a function of temperature
in the presence of a magnetic impurity. At high temperatukesdo and/or two-particle scatter-
ing give rise to a logarithmic temperature dependence. WttEmperatures, for weak Coulomb
interactions in the edge liquid the conductance is resttvaghitarity with unusual power-laws
characteristic of a ‘local helical liquid’, while for strgnnteractions transport proceeds by weak
tunneling through the impurity where only half an electrbiage is transferred in each tunneling
event.

3 Topological insulators from 3D isotropic Landau levels

Introduction If we recall the study of topological states in condensediengthysics, it starts
from the 2D QHE systems with Landau levels (LL). Later ondogical states were generalized
to systems with Bloch-wave band structures but not LLs [%#}jch were known as quantum
anomalous Hall insulators. The research of the TR invat@mblogical insulators in 2D and 3D
mainly focuses on Bloch-wave band structures with the miotat topologicalZ,-index. However,
the 3D TR invariant topological insulators based on LLs havtbeen studied before. Usually,
LLs are based on the planar structure subjected to the ext@agnetic field, thus it is not easy to
generalize to 3D. Nevertheless, we have made a breakthsuggiessfully generating LLs to 3D
with the full rotational symmetry [59, 60].

Compared to the usual topological insulators with Bloctvevhand structures, LLs have ap-
parent advantages. LLs are flat without dispersions, thiesdation effects are non-perturbative.
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Figure 7: LHS) The eigenstates of the 3D harmonic oscillator labeledokal angular momentunj. =

| + % Following the solid diagonal (dashed) lines, these statesreorganized into the fully rotational
symmetric 3D Landau level sates with the positive (negatiedicity. RHS) Each LL contributes one branch
of helical surface mode. The energy dispersion of the fitgt fandau levels.s. j, =1+ % Open boundary
condition is used for a ball with the radi&/Ig = 8.

Furthermore LLs possess beautiful analytical propertieglvdo not exhibit in other band struc-
ture topological insulators. In fact, the study of the 20cfranal QHE effects is greatly benefited
from the analytical properties of 2D LL. It is reasonable xpect fractional topological states in
3D with LLs, which will be our next research focus.

3D LLs from Aharanov-Casher coupling Our mechanism is actually very simple. Let us start
from the 2D LL problem to gain some intuition, in which th1) magnetic vector potentiai
minimally couples to the canonical momentum. In the symimefauge,A = 1B x T. A nice
observation is that the 2D LL Hamiltonian is just 2D harmopdatential plus the orbital Zeeman
coupling. The 2D LL wavefunctions are just those of the 2Dni@mic oscillator. The harmonic
oscillator spectra exhibit the dispersion with respechdrbital angular momentum which is
exactly canceled by the opposite dispersiomdifom the orbital Zeeman coupling. As a result,
each LL becomes dispersionless with respeaintoln other words, a different organization of
the same set of harmonic oscillator wavefunctions, whiehoaiginally topologically trivial, gives
rise to the topologically non-trivial LLs. However, the extal magnetic field specifies a unique
direction, thus it is not easy to generalize to 3D.

Instead, for the 3D case, we employ an Aharanov-Casher fialterith the replacement d§
by the three Pauli matrices asAqB = ZOGB x T, which is essentially a8U(2) gauge potential.
This Hamiltonian is actually the 3D harmonic oscillator pkpin-orbit coupling. The spectra of
the 3D harmonic oscillators is depicted in Fig. 7 LHS as orzohin the total angular momentum
eigen-basis of = L + S. For each orbital angular momentunthere are two different states with
opposite helicitieg+ =1+ % Depending on the sign of the spin-orbit coupling term, teisn
turns the eigenstates of the positive or negative helioity 8D flat LLs. In particular, the 3D LLs
also have a nice analytic structure: the spin-orbit coupfateric harmonics replaces the role of
azimuthal angular form fact@™® for the 2D LLs.
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Helical surface modes — 3D strong topological insulators With the spherical open boundary
condition, we find that each LL contributes a branch of hésaaface mode. The calculated surface
spectra are depicted in RHS of Fig. 7. At small values, @dhe spectra remain flat because their
wavefunctions are inside the bulk and thus are not sengditiee boundary. As increases, their
wavefunctions begin to touch the open boundary, and thusehergy is pushed upward. Further
analysis shows that the effective edge Hamiltonian for ddcks actually a Dirac Hamiltonian.
Each filled LLs contribute one branch of helical Fermi suefad hus if odd number of LLs are
filled, the system is a 3D strong topological insulator.

Further developments We have further generalized the above 3D LLs for non-rakto/fermions
to Dirac fermions, which can be considered as the genetializaf the LLs of 2D graphene sys-
tems to the 3D systems with the full rotational symmetry.dctfwe have also generalized both of
the 3D non-relativistic and relativistic LLs into arbityadimensions. Our next step of research will
focus on interaction effects. Our dream is to find the 3D faomal topological insulator wavefunc-
tions, i.e., the analogy of the Laughlin wavefunction in 2Dd the associated exotic many-body
properties.

4 Supercondutivity in iron-based superconductors

4.1 Time reversal (TR) symmetry breaking pairing states in iron-pnictide superconductors

The discovery of the iron-pnictide superconductors haactid a great deal of attention [61, 62,
63, 64, 65, 66, 67]. They are novel systems with unconveati@ooper pairing, whose pairing
symmetry remains highly debating. This problem is compéiddy the structure of their multiple
Fermi surfaces, which include the hole Fermi surfaxes around thd -point at(ky, ky) = (0,0),
and the electron Fermi surfac@s, around theM1 > points at(tt, 0) and (0, T), respectively. Many
theoretical proposals have suggested the fully-gagpedave state which preserves the 4-fold
rotational symmetry [68, 69, 70, 71, 72]. Experimentalyg superfluid density obtained from the
penetration depth measurements is insensitive to temyeratonsistent with this picture [73, 74,
75]. Another competing pairing structuredg_,» as proposed by several groups [69, 76, 40].
In particular, it has been found that tee andd,._,» pairings are nearly degenerate in LaOFeP
compounds [77].

Our proposal — time reversal symmetry breaking pairing Considering the competing nature
betweens. andd,._,» pairings in iron-pnictide superconductors, we propose éf. H78] that
their complex mixtures;. +id,>_,» with time reversal symmetry breaking can appear at low tem-
peratures. As lowering the temperature, two consecutigersonducting transitions occur. The
system first undergoes the transition to the time reversati@ants.-wave state, and then into the
s: +1id,._y2 state by breaking time reversal symmetry. We also predicaeibus experimentally
testable signatures, including spatial inhomogeneity@ed supercurrents, and a novel collective
mode. To our knowledge, our paper is the first one to study tiewersal symmetry breaking
Cooper pairing in iron-pnictide superconductors.

Unconventional superconductivity with time reversal syatimy breaking have been actively in-
vestigated in recent years. Previous examples includee¢herétation experiment of SRuO, con-
sistent with theo+ip pairing symmetry [79], and the neutron scattering expenisief YBaCuzOg. «
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Figure 8: Spatial distributions of supercurrent inducedpatial inhomogeneity in the. +id,2_y2
pairing state of iron-pnictide superconductors. LHS) Tingescurrent pattern induced by a single
impurity located at the center. RHS) The supercurrent patteund in a square sample with open
boundaries. The length of each arrow is proportional to thgmtude of the supercurrent: and

® indicate the vorticities of the loop currents.

indicating the existence of the loop current ordering [8D,&]. The possible time reversal sym-
metry breaking pairing state in iron-pnictide systems ailtl a new member to this exotic family
if it is testified by experiments.

Spatial inhomogeneity induced supercurrent A novel experimentally testable consequence of
thes, +id,._y2 pairing is that spatial inhomogeneity induces superctirrigncontrast, in the su-
perconductor with eithesrwave ord-wave pairing which preserves time reversal symmetryjalpat
inhomogeneity only induces the variation of the pairing &tage without affecting the pairing
phase. Thus spatial inhomogeneity does not induce supentwimply because it does not breaks
time reversal symmetry.

In thes; +id,._,2 pairing state, time reversal symmetry is already brokethérhomogeneous
systems, the relative phase betwserandd,._,» components is fixed atJ, thus still no super-
current exits. The,. andd,._,» components can be coupled by the following gradient terrhen t
Ginzburg-Landau free energy as

Ysa{ 85(0% — 85)Ag +c.C. }, ()

which is allowed by all the symmetry requirement. In spatimlhomogeneous systems, the varia-
tion of the order parameters cause the inhomogeneity ofllagive phas®sy due to theysq term,
which induces supercurrent even in tidesencef external magnetic field.

We numerically solved the supercurrent patterns for baskesaf a single impurity and a square
sample with open boundaries. The results are depicted in Big and B, respectively. For
the single impurity case, the magnitude of the supercumamtly decays beyond the order of
the healing length. The suppercurrent pattern is symmaetrier a combined operation of time
reversal and the rotation af90°. Along thex andy-axis passing the impurity, the supercurrents
flow along these axis and exhibit the pattern of “two in” anddtout”, which is consistent with the
reflection symmetry respect to tk@ndy-axis and the continuity condition. For the square sample,
the continuity condition suppresses the supercurrentpatehe four corners as depicted in Fig.
8 B. Each of four corners develop a circulating supercur@ whose chirality are staggered as
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we move around the edges. This is also consistent with théicma symmetry operation of time
reversal and the rotation of 90This circulating supercurrent can be detected by usingt¢hening
SQUID.

Prediction of a novel collective resonance modeIn the case that the.-pairing state wins over
dy2_y2 which occurs in many compounds in the iron-pnictide familg, predict a novel collective
resonance mode. This mode excitesdfze > pairing in the background of. and is described by

the nematic operatd¥q = 1/V ¥ (cosky — cosky)cgccﬁc. It lies in the particle-hole channel with
thed,._,» symmetry, which is precisely the electron excitations meggin theB;g Raman mode.
Because of the competing nature of theandd,._y» pairings, this mode is a sharp low energy
excitation below the superconducting gap. It is not dampethk quasiparticle excitations. A
successful observation of such mode will be a demonstratiaghe completion betwees. and
dy_y2 pairings.

4.2 Orbital ordering the two-fold pairing symmetry in FeSe

One of the most important problem in the iron-based supehaectors is the nature of the pairing
symmetry. For most materials in the 1111-family, variouseskmental results agree with the node-
less extended.-wave pairing. However, in other families of 111 and 11, vieethe pairing gap is
nodal or nodeless is still controversial. On the other harahy iron-based superconductors exhibit
spontaneous nematic ordering which reduces the symmetrytfre 4-fold rotational symmetry to
2-fold. A common reason is the developing of stripe-likafentomagnetism whose wavevector is
(11,0) or (0, ).

In collaboration with Q. K. Xue’s experimental group at Tgiua University in Beijing, my
group helped them analyze the data, which yields importdontmation on the pairing symmetry
in the one of the simplest iron-based superconductors R&8e Psing the methods of scanning
tunneling microscopy and spectroscopy, their data reMear ®vidence for a gap function with
nodal points. Furthermore, they also measured the vortex temneling spectra under external
magnetic fields. Amazingly the vortex core are highly anisoit breaking the 4-fold rotational
symmetry. This anisotropy also exhibits in the real spacagimg of the resonance scattering
spectra around impurity sites, and in the quasi-partidieriarence pattern. Their paper is recently
published in Science.

Different from previous iron-based materials in which thedking of the 4-fold rotational
symmetry to 2-fold is due to the striped antiferromagneti#ins known that at ambient pressure,
there is no antiferromagnetic instability in FeSe. In cdesing this fact, my group proposed that
the anisotropy is due to orbital ordering — orbital-dependeconstruction of electronic structure
in FeSe. The apparent nodal structure in the gap functiobeamderstood as the mixture between
two different types of extendeslwave pairings including the nearest neighbor and the neatest
neighbor pairings. If the nearest neighbor pairing donasathe gap function is nodal. In FeSe,
the orbital ordering also brings anisotropy to the gap fiomst My group has also performed the
theory calculation, which is in nice agreement with ProfeXiexperimental data [84].

5 Summary of the most important results

We summarize the most significant results under the supp&fR® as follows.
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1. We constructed the microscopic theory for the unconeeatimeta-magnetic states observed

[1]

[2]

[3]

[4]

[5]

[6]

[7]

in SRWO7 systems based on the quasi-1D band structurdg@inddy, [3], calculated the

guasi-particle interference pattern measured by J. C.Dgwup [5, 27], and investigated
the thermodyanica quantities in such a system [6]. Thesdtsesre published in Ref. [3, 5,
6, 27].

. We studied interaction effects in topological insulatancluding the quantum Monte Carlo

(QMC) simulation of the phase diagram of the Kane-Mele-Hardbmodel [45], and the
Kondo effect in the helical edge states of the topologicsiilators [57]. We are one of the
first two groups to performing the QMC calculation to the ratging topological insulators.
The STM spectra in the helical surface states oflBj are calculated in a good agreement
with experiments [85]. We also generalize the usual Landeel ko three dimensions, which
is a 3D topological insulators with flat bands [59, 60]. Thessults are published in Ref.
[57, 45, 59, 60].

. We have also investigated the unconventional superd¢mitgiun iron-based superconduc-

tors. We are the first group to propose the time-reversal stmynbreaking pairing states
in such a systems [78]. We also help the experimentalist ayae their STM data in FeSe
superconductor and find the evidence of orbital ordering. [B3heory paper is also written
to give a detailed explanation of the experiment [84].
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