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We present a theoretical understanding of the superconducting phase diagram of the electron-doped iron
pnictides. We show that, besides the Fermi surface nesting, a peculiar motion of electrons, where the next
nearest neighbor (diagonal) hoppings between iron sites dominate over the nearest neighbor ones, plays an
important role in the enhancement of the spin fluctuation and thus superconductivity. In the highest Tc

materials, the crossover between the Fermi surface nesting and this “prioritized diagonal motion” regime
occurs smoothly with doping, while in relatively low Tc materials, the two regimes are separated and
therefore results in a double dome Tc phase diagram.
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In theoretical studies of high Tc superconductors, one of
the most important challenges is to extract the minimal
essence of the material that leads to the strong pairing state.
After the discovery of the iron-based superconductors [1],
the nesting between electron and hole Fermi surfaces has
been considered as such an essential feature, and therefore,
the identity of the family. In fact, several theoretical studies
suggested a possibility of spin fluctuation mediated pairing,
where the spin fluctuation arises around the nesting vector
(π, 0)[2–9]. The spin fluctuation mediates s�-wave pairing,
where the gap function has s-wave symmetry, but its sign is
reversed between the electron and hole Fermi surfaces.
However, recent experiments suggest that high Tc is

obtained when the nesting is degraded, or even in the
absence of the nesting [10–14]. Then, a question of great
interest is “what is the key ingredient for high Tc peculiar to
the iron-based superconductors ?” In this context, the so-
called hydrogen-doped 1111 systems, LnFeAsO1−xHx
(Ln ¼ Gd, Sm, Ce, La) [14] where a large amount of
electrons can be doped by O → H substitution, provide us
with some important clues. For Ln ¼ La, the Tc vs x
(doping rate) phase diagram exhibits a double dome
feature, and the second dome has higher Tc than the first
(see Fig. 2). The normal state properties above Tc such as
the temperature dependence of the resistivity are also
different between the two domes. On the other hand, for
Ln ¼ Sm, Ce, Gd, the phase diagram exhibits a single
dome feature, and very high Tc’s close to or exceeding
50 K are observed. These single dome materials share
commonalities with the second Tc dome of LaFeAsO1−xHx
[14], so that understanding the origin of the second dome
directly leads to the origin of the very high Tc in the iron-
based superconductors.

One can easily expect that the Fermi surface nesting is
degraded in the second dome compared to that in the first
due to the large amount of doped electrons. In fact, the
present study reveals that while the first Tc dome
originates from the spin fluctuation induced by the nesting
of the Fermi surface having dxz=yz (and also dxy in some
cases) orbital components, the second Tc dome is due to
the spin fluctuation enhanced by a peculiar motion of
electrons within the dxy, where the second neighbor
diagonal hoppings are larger than the nearest neighbor
ones. Such an electron motion is specific to the tetrahedral
coordination of the pnictogen atoms, and we conclude that
this prioritized diagonal motion is a key factor giving rise
to the high Tc. In the single dome Tc materials, “the
nesting dominating” and the “prioritized diagonal motion”
regimes are not well separated, and the highest Tc ∼ 50 K
is attained around the crossover regime. Then, another
important key ingredient for high Tc is that the dxy and
dxz=yz orbitals both act as driving forces of the same
pairing state, namely, s�-wave pairing. Among various
multiorbital systems, this is an unparalleled feature pecu-
liar to the iron-based superconductors.
In 1111 systems, electrons are doped into the FeAs layer

by substituting O2− with F− or H−. The doping actually
affects the electronic band structure in two ways: i.e., the
increase of positive and negative charges in the LnO and
FeAs layers, respectively, and the reduction of the As-Fe-
As bond angle. The bond angle reduction occurs linearly
with doping as shown in Fig. S1 of the Supplemental
Material [15]. Changing the rare earth element appears as a
parallel shift of the bond angle variance against the doping
rate. Quite recently, this trend has further been confirmed
by partially replacing As by P in SmFeAsO1−xHx [22],
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where a double dome phase diagram is found for sufficient
amount of phosphorous substitution. To model these
effects, band structure calculations are performed using
the VASP code [23] for hypothetical variations of LaFeAsO,
where we (i) adopt the virtual crystal approximation
replacing the oxygen potential by a 1 − x∶x mixture of
oxygen and fluorine potentials [14] (x ¼ 0.05–0.5 with an
increment of 0.05), and (ii) vary the bond angle linearly
according to x as αðxÞ ¼ −7.48xþ 114.36þ Δα, where
Δα is the amount of parallel shift made with respect to the
actual bond angle variance of LaFeAsO1−xHx. We consider
Δα ¼ −3;−2;−1; 0;þ1;þ2°, as shown in Fig. S1 in the
Supplemental Material [15]. Varying Δα corresponds to
considering materials with different rare earth (Ln) or anion
(As partially replaced by P) elements [24]. To capture the
essence, we vary only the bond angle, while fixing the Fe-
As bond length. By extracting the bands near the Fermi
level using the Wannier90 package [25], we construct
models consisting of dxy, dyz, dxz, dx2−y2 , and d3z2−r2
Wannier orbitals [3]. Considering that the three dimension-
ality is not essential to the single vs double dome issue, we
omit the interlayer hoppings, and concentrate on two
dimensional models in which the Brillouin zone can be
unfolded to obtain a five orbital model [3].
Figure 1 shows the Fermi surface evolution with doping

for Δα ¼ þ1° and −1°. The main difference between the
two cases is the presence or absence of the Fermi surface
around the wave vector (π, π), which originates from the
dxy orbital [26]. The volume of the electron Fermi surfaces
around (π, 0)and (0, π) increases with doping, and the hole
Fermi surfaces around (0,0), arising from the dxz=dyz
orbitals, shrink. On the other hand, the volume of the
dxy hole Fermi surface around (π, π) remains nearly
unchanged due to the band structure variation with doping
[27,28]. In any case, the volume difference between
electron and hole Fermi surfaces increases with doping,
so that the nesting becomes ill conditioned.
Considering intra- and interorbital electron-electron

interactions on top of the five orbital band structure, we

apply the fluctuation exchange (FLEX) approximation
[6,29,30] to each model, and obtain the eigenvalue of
the Eliashberg equation λ (at a fixed temperature of
T ¼ 0.005 eV), which is taken as a measure of Tc. We
take intraorbital U ¼ 1.3 eV, the interorbital U0 ¼ U − 2J,
Hund’s coupling, and the pair hoppings J ¼ J0 ¼ U=6. In a
previous study, we adopted random phase approximation,
where the self energy correction was neglected [28]. There,
the eigenvalue of the Eliashberg equation was found to be
monotonically enhanced with electron doping, which does
not agree with the experimental observations. Also, the
origin of the material dependence of the phase diagram was
not clarified.
The calculated eigenvalues of the Eliashberg equation λ

for Δα ¼ −1° ∼þ2° are shown in Fig. 2(a). ForΔα ¼ −1°,
the λ against x plot shows a “single dome” variance. This is
already quite interesting in that the magnitude of λ (and,
hence, Tc) is maintained in such a large doping range. Even
more interestingly, for Δα ¼ 0°, there appears a slight dip
in the lightly doped regime, and this feature becomes more
pronounced forΔα ¼ þ1° andþ2°. Also, the maximum Tc
is obtained at a larger doping rate when Δα is increased.
Similar results are obtained also for orbital dependent
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FIG. 1. Fermi surfaces for x ¼ 0.05, x ¼ 0.15, x ¼ 0.25, x ¼
0.35 with (a) Δα ¼ −1° or (b) Δα ¼ þ1°.
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FIG. 2 (color online). Eigenvalue of the Eliashberg equation
against doping. (a) λ against doping for Δα ¼ −1, 0, þ1, þ2°.
(b) Similar as in (a) for Δα ¼ −3, −2, −1°. (c) λ for simplified
models in which only t1 is varied in conjunction with x so as to
maintain the volume of the (π, π) Fermi surface. The numbers are
the values of t1 (in eV). Here, t2 is fixed at 0.106 (0.113) eV for
Δα ¼ −1ðþ1Þ. See text for more details. Upper right panel:
Experimental result of Tc vs x for LnFeAs(O,H) with Ln ¼ Gd,
Sm, Ce, and La (from Ref. [14]).
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interactions (Supplemental Material [15] Fig. S3). In
Fig. 2(b), we show the doping dependence of λ for
α ¼ −1° ∼ −3°. It can be seen that the increase of λ with
x in the lightly doped regime becomes more rapid with
decreasing Δα. These results are overall in good agreement
with the trend observed experimentally in Ref. [14] (Fig. 2,
upper right panel) and also Ref. [24].
In Fig. 3, we show the doping dependence of the

intraorbital spin susceptibility χxy and χxz=yz within the
dxy and dxz=dyz orbitals [31] for Δα ¼ þ1° and −1°. Let us
first focus on Δα ¼ −1. For x ¼ 0.05, there appear peaks
around (π, 0) and (0, π) in both χxy and χxz=yz reflecting the
Fermi surface nesting in the lightly doped system. These
peak structures are suppressed by electron doping because
the nesting is degraded. However, χxy is unexpectedly
reenhanced beyond x ∼ 0.2. The reason for this cannot be
the Fermi surface nesting in its original sense because the
nesting is monotonically degraded by doping. For
Δα ¼ þ1°, on the other hand, the variance of χxy is
different in that there is no enhancement in the lightly
doped regime. The absence of enhanced χxy there is natural
because the dxy hole Fermi surface around (π, π) is absent
for Δα ¼ þ1°, so that there is no Fermi surface nesting.
Conversely, it is surprising to find an enhancement in the
largely doped regime. Interestingly, an inelastic neutron
scattering experiment for LaFeAsO1−xHx actually observes
the suppression of the spin fluctuation around x ∼ 0.2 and

its reenhancement in the largely doped regime [32]. Also,
comparing Δα ¼ −1° and Δα ¼ þ1°, the spin fluctuation
grows more rapidly with doping for the former than for the
latter.
The doping dependence of the Eliashberg equation

eigenvalue λ and the intraorbital spin fluctuations are
strongly correlated, so that understanding the latter directly
leads to the understanding of the former. Since the Fermi
surface evolution does not seem to be correlated with the
doping dependence of the spin fluctuation, we now focus
on the real space hopping integrals within the dxy orbitals.
In Fig. 4, we plot the doping dependence of the nearest ðt1Þ
and the next nearest ðt2Þ neighbor hoppings within the dxy
orbitals for Δα ¼ −1° and þ1°. The nearest neighbor
hopping t1 decreases rapidly with doping, and becomes
smaller than t2 at a certain doping rate xc ∼ 0.17 for Δα ¼
−1° and xc ∼ 0.28 for Δα ¼ þ1°. We also show in Fig. 4(b)
the calculation result for the actual La1111 and Sm1111
using the experimentally determined lattice parameters. It is
indeed seen that xc is larger for La than for Sm corre-
sponding to the larger bond angle in the former. We will
refer to this peculiar hopping relation t2 > t1 as “priori-
tized” diagonal motion (or hopping) of electrons.
The rapid decrease of t1 by doping as compared to t2 can

be understood as a combined effect of (i) the increased
positive charge in the LaO layer, (ii) reduction of the Fe-Fe
distance, and (iii) increase of the pnictogen height, where
(ii) and (iii) are the effects of the bond angle reduction. In
the five orbital model, we consider Wannier orbitals, which
implicitly take into account the Fe 3d and the hybridized As
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4p atomic orbitals. If we consider these atomic orbitals
explicitly, the present t1 can be expressed as
t1 ¼ tdirect1 þ 2tindirect1 , where tdirect1 and tindirect1 are contribu-
tions from the direct hopping between Fe 3dxy orbitals and
the indirect hopping via As 4p, respectively, as shown in
Fig. 4. The two contributions have opposite signs, and
tindirect1 dominates in the lightly doped regime. This can-
cellation of the direct and indirect hoppings has been
discussed in Refs. [33,34]. On the other hand, the next
nearest neighbor t2 is mainly governed by tindirect2 because of
the larger Fe-Fe distance. As electrons are doped, the
energy level of the As 4p orbital is lowered and moves
away from the Fe 3d level due to the effect of (i), so that the
indirect hoppings decrease. The indirect contribution is also
reduced because of (iii). By contrast, the direct hopping
increases due to (ii). The combined effect of increasing
tdirect1 and decreasing jtindirect1 j results in a rapid decrease of t1
with doping. The effect is weak for t2 because it is mainly
dominated by tindirect2 . As can be understood from this
explanation, xc is larger for materials with larger Δα.
Intuitively, t1 < ð>Þt2 corresponds to J1 < ð>ÞJ2 in the

limit of strong electron correlation [35,36] since Ji ∝ t2i =U,
where U is the on-site intraorbital repulsion. Therefore,
t1 < ½> 0�t2 is naively expected to be in favor of the (π, 0)
[(π, π)] spin fluctuations. More precisely, however, the
enhancement of the spin fluctuation in the largely doped
regime should be traced back to the band structure (not just
the Fermi surface) since we are adopting FLEX, which is
essentially a weak coupling approach. In fact, as shown in
the Supplemental Material [15] (Fig. S2), the shape of the
band changes with doping, which is mainly due to the
reduction of t1. The disappearance of the van Hove
singularity around the wave vector (π, 0) (reminiscent of
those commonly seen in the cuprates) works in favor of the
ðπ; 0Þ=ð0; πÞ spin fluctuations over (π, π).
In the models adopted above, not only t1, but also other

parameters vary with electron doping. To more directly
single out the reduction of t1 as the key factor, we have
done the following analysis using simplified models.
Namely, we start with five orbital models derived from a
first principles band calculation performed with Δα ¼ −1
or þ1, both with 15% fluorine doping. Within these
models, we vary the electron density in the range of
0.05 ≤ x ≤ 0.25. If all the hoppings were fixed (rigid
band), the hole Fermi surface would monotonically shrink
as x increases. As seen above, however, the Fermi surface
around (π, π) is almost unchanged with electron doping if
the variance of the lattice parameters and the O → F
substitution effect is taken into account in the first prin-
ciples calculation. To simulate this effect, in the simplified
models, we vary only t1 by hand in conjunction with the
electron doping so that the volume of the (π, π) Fermi
surface is the same as that for the original model. For
Δα ¼ þ1, where the (π, π) hole Fermi surface is absent, the
energy difference between the chemical potential and the

top of the dxy band at (π, π) is kept to be the same as that in
the original model. λ calculated this way as a function of x
for Δα ¼ �1 is shown in Fig. 2(c), where a trend similar to
that in Fig. 2(a) is seen; when t1 is significantly larger than
t2, λ decreases with doping, while when t1 is comparable to
or smaller than t2, λ increases with doping.
In Fig. 5, we show a schematic figure of the spin

fluctuation contribution to s� superconductivity. For the
dxz=dyz orbital, there is spin fluctuation mediated pairing
arising from good nesting in the lightly doped regime,
which is suppressed by doping because the nesting is
degraded. In the dxy orbital, there can be moderate Fermi
surface nesting in the lightly doped regime depending on
the absence or presence of the dxy hole Fermi surface
around (π, π). Therefore, for materials with small (i.e.,
negative) Δα, the dxy spin fluctuation crosses over from the
nesting to the prioritized diagonal motion regime. On the
other hand, in materials with large (positive) Δα, there is no
nesting regime in the dxy orbital, so that the dxy spin
fluctuation monotonically increases with doping. For
materials with small bond angle, the crossover from the
nesting to the prioritized diagonal motion regime occurs
smoothly because xc is small. Therefore, the Tc phase
diagram consists of a single dome. xc is large for materials
with large bond angle, so that the two regimes are
separated, resulting in a double dome structure of the
phase diagram. Interestingly, we have also come to realize a
relation between the spin fluctuation and the resistivity,
which is explained in the Supplemental Material
[15] (Fig. S4).
To conclude, our study has revealed the importance of

the peculiar motion of electrons in the dxy orbital, espe-
cially in cases with very high Tc. Further tests for the
present conclusion can be performed by examining the
pressure effect. In Ref. [14], it was found that applying
pressure to LaFeAs(O,H) makes the double dome Tc phase
diagram turn into a single dome one. Our preliminary
theoretical study on this problem shows that applying
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FIG. 5 (color online). Schematic figure of the spin fluctuation
contribution to superconductivity.
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pressure enhances the t2=t1 ratio, and hence has an effect
similar to that of replacing La by, say, Ce. Detailed
analysis on this problem will be presented elsewhere.
Also, it would be interesting to experimentally investigate
LnFeAs1−yPyO1−xHx other than Ln ¼ Sm [22] as another
test for the present conclusion. A surprisingly interesting
feature of the iron-based superconductors is that the
prioritized diagonal motion in the dxy orbitals and the
nesting within dxy or dxz=yz Fermi surfaces can all be
driving forces of the s�-wave superconductivity. This
coherent cooperation among various components is indeed
the unparalleled identity of the iron-based superconductors.

We thank H. Sakakibara, S. Onari, Y. Yamakawa, and R.
Arita for valuable discussions. Numerical calculations were
performed at the facilities of the Supercomputer Center,
Institute for Solid State Physics, University of Tokyo. This
study has been supported by Grants-in-Aid for Scientific
Research No. 24340079 and No. 25009605 from the Japan
Society for the Promotion of Science. The part of the
research at the Tokyo Institute of Technology was sup-
ported by the JSPS FIRST Program.

[1] Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono,
J. Am. Chem. Soc. 130, 3296 (2008).

[2] I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du,
Phys. Rev. Lett. 101, 057003 (2008).

[3] K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H.
Kontani, and H. Aoki, Phys. Rev. Lett. 101, 087004
(2008).

[4] A. V. Chubukov, D. V. Efremov, and I. Eremin, Phys. Rev. B
78, 134512 (2008).

[5] S. Graser, T. A. Maier, P. J. Hirschfeld, and D. J. Scalapino,
New J. Phys. 11, 025016 (2009).

[6] H. Ikeda, R. Arita, and J. Kuneš, Phys. Rev. B 81, 054502
(2010).

[7] M. Daghofer, A. Moreo, J. A. Riera, E. Arrigoni, D. J.
Scalapino, and E. Dagotto, Phys. Rev. Lett. 101, 237004
(2008).

[8] R. Thomale, C. Platt, W. Hanke, and B. A. Bernevig, Phys.
Rev. Lett. 106, 187003 (2011).

[9] F. Wang, H. Zhai, Y. Ran, A. Vishwanath, and D.-H. Lee,
Phys. Rev. Lett. 102, 047005 (2009).

[10] J. Guo, S. Jin, G. Wang, S. Wang, K. Zhu, T. Zhou, M. He,
and X. Chen, Phys. Rev. B 82, 180520 (2010).

[11] T. Qian, X.-P. Wang, W.-C. Jin, P. Zhang, P. Richard, G. Xu,
X. Dai, Z. Fang, J.-G. Guo, X.-L. Chen, and H. Ding, Phys.
Rev. Lett. 106, 187001 (2011).

[12] Q. Y. Wang et al., Chin. Phys. Lett. 29, 037402 (2012).
[13] S. Tan et al., Nat. Mater. 12, 634 (2013).

[14] S. Iimura, S. Matsuishi, H. Sato, T. Hanna, Y. Muraba, S. W.
Kim, J. E. Kim, M. Takata and H. Hosono, Nat. Commun. 3,
943 (2012).

[15] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.113.027002, which in-
cludes Refs. [16–21].

[16] J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,
G. E. Scuseria, L. A. Constantin, X. Zhou, and K. Burke,
Phys. Rev. Lett. 100, 136406 (2008).

[17] N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847
(1997); I. Souza, N. Marzari, and D. Vanderbilt, Phys. Rev.
B 65, 035109 (2001).

[18] T. Miyake, K. Nakamura, R. Arita, and M. Imada, J. Phys.
Soc. Jpn. 79, 044705 (2010).

[19] H. Usui and K. Kuroki, Phys. Rev. B 84, 024505 (2011).
[20] O. K. Andersen and L. Boeri, Ann. Phys. (Berlin) 523, 8

(2011).
[21] H. Usui, K. Suzuki, and K. Kuroki, Supercond. Sci.

Technol. 25, 084004 (2012).
[22] S. Matsuishi, T. Maruyama, S. Iimura, and H. Hosono,

Phys. Rev. B 89, 094510 (2014).
[23] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993); G.

Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
[24] C. H. Lee, A. Iyo, H. Eisaki, H. Kito, M. T. Fernandez-Diaz,

T. Ito, K. Kihou, H. Matsuhata, M. Braden, and K. Yamada,
J. Phys. Soc. Jpn. 77, 083704 (2008).

[25] A. A. Mostofi, J. R. Yates, N. Marzari, I. Souza, and D.
Vanderbilt, (http://www.wannier.org/).

[26] K. Kuroki, H. Usui, S. Onari, R. Arita, and H. Aoki, Phys.
Rev. B 79, 224511 (2009).

[27] Y. Yamakawa, S. Onari, H. Kontani, N. Fujiwara, S. Iimura,
and H. Hosono, Phys. Rev. B 88, 041106 (2013).

[28] K. Suzuki, H. Usui, K. Kuroki, S. Iimura, Y. Sato, S.
Matsuishi, and H. Hosono, J. Phys. Soc. Jpn. 82, 083702
(2013).

[29] N. E. Bickers, D. J. Scalapino, and S. R. White, Phys. Rev.
Lett. 62, 961 (1989).

[30] T. Dahm and L. Tewordt, Phys. Rev. Lett. 74, 793 (1995).
[31] The actual calculation is done with the orbital basis that are

rotated by 45° from the Fe-Fe direction x and y, namely, X
and Y defined in Ref. [3]. Here, the YZ component of the
intraorbital spin susceptibility is adopted.

[32] S. Iimura, S. Matsuishi, M. Miyakawa, T. Taniguchi, K.
Suzuki, H. Usui, K. Kuroki, R. Kajimoto, M. Nakamura, Y.
Inamura, K. Ikeuchi, S. Ji, and H. Hosono, Phys. Rev. B 88,
060501 (2013).

[33] T. Miyake, T. Kosugi, S. Ishibashi, and K. Terakura, J. Phys.
Soc. Jpn. 79, 123713 (2010).

[34] Z. P. Yin, K. Haule, and G. Kotliar, Nat. Mater. 10, 932
(2011).

[35] Q. Si and E. Abrahams, Phys. Rev. Lett. 101, 076401
(2008).

[36] K. Seo, B. A. Bernevig, and J. Hu, Phys. Rev. Lett. 101,
206404 (2008).

PRL 113, 027002 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
11 JULY 2014

027002-5

http://dx.doi.org/10.1021/ja800073m
http://dx.doi.org/10.1103/PhysRevLett.101.057003
http://dx.doi.org/10.1103/PhysRevLett.101.087004
http://dx.doi.org/10.1103/PhysRevLett.101.087004
http://dx.doi.org/10.1103/PhysRevB.78.134512
http://dx.doi.org/10.1103/PhysRevB.78.134512
http://dx.doi.org/10.1088/1367-2630/11/2/025016
http://dx.doi.org/10.1103/PhysRevB.81.054502
http://dx.doi.org/10.1103/PhysRevB.81.054502
http://dx.doi.org/10.1103/PhysRevLett.101.237004
http://dx.doi.org/10.1103/PhysRevLett.101.237004
http://dx.doi.org/10.1103/PhysRevLett.106.187003
http://dx.doi.org/10.1103/PhysRevLett.106.187003
http://dx.doi.org/10.1103/PhysRevLett.102.047005
http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1103/PhysRevLett.106.187001
http://dx.doi.org/10.1103/PhysRevLett.106.187001
http://dx.doi.org/10.1088/0256-307X/29/3/037402
http://dx.doi.org/10.1038/nmat3654
http://dx.doi.org/10.1038/ncomms1913
http://dx.doi.org/10.1038/ncomms1913
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.027002
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.027002
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.027002
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.027002
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.027002
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.027002
http://link.aps.org/supplemental/10.1103/PhysRevLett.113.027002
http://dx.doi.org/10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevB.56.12847
http://dx.doi.org/10.1103/PhysRevB.56.12847
http://dx.doi.org/10.1103/PhysRevB.65.035109
http://dx.doi.org/10.1103/PhysRevB.65.035109
http://dx.doi.org/10.1143/JPSJ.79.044705
http://dx.doi.org/10.1143/JPSJ.79.044705
http://dx.doi.org/10.1103/PhysRevB.84.024505
http://dx.doi.org/10.1002/andp.201000149
http://dx.doi.org/10.1002/andp.201000149
http://dx.doi.org/10.1088/0953-2048/25/8/084004
http://dx.doi.org/10.1088/0953-2048/25/8/084004
http://dx.doi.org/10.1103/PhysRevB.89.094510
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1143/JPSJ.77.083704
http://www.wannier.org/
http://www.wannier.org/
http://www.wannier.org/
http://dx.doi.org/10.1103/PhysRevB.79.224511
http://dx.doi.org/10.1103/PhysRevB.79.224511
http://dx.doi.org/10.1103/PhysRevB.88.041106
http://dx.doi.org/10.7566/JPSJ.82.083702
http://dx.doi.org/10.7566/JPSJ.82.083702
http://dx.doi.org/10.1103/PhysRevLett.62.961
http://dx.doi.org/10.1103/PhysRevLett.62.961
http://dx.doi.org/10.1103/PhysRevLett.74.793
http://dx.doi.org/10.1103/PhysRevB.88.060501
http://dx.doi.org/10.1103/PhysRevB.88.060501
http://dx.doi.org/10.1143/JPSJ.79.123713
http://dx.doi.org/10.1143/JPSJ.79.123713
http://dx.doi.org/10.1038/nmat3120
http://dx.doi.org/10.1038/nmat3120
http://dx.doi.org/10.1103/PhysRevLett.101.076401
http://dx.doi.org/10.1103/PhysRevLett.101.076401
http://dx.doi.org/10.1103/PhysRevLett.101.206404
http://dx.doi.org/10.1103/PhysRevLett.101.206404

