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Interplay of paramagnetism and topology in the Fe-chalcogenide high-7, superconductors
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The high-T; superconductor, FeTe s5Sey 45, has recently been shown to support a surface state with topological
character. Here we use low-energy laser-based angle-resolved photoemission spectroscopy with variable light
polarization, including both linear and circular polarizations, to reexamine the same material and the related
FeTe(7Seq 3, with a larger Te concentration. In both cases, we observe the presence of a surface state displaying
linear dispersion in a cone-like configuration. The use of circular polarization confirms the presence of a helical
spin structure. These experimental studies are compared with theoretical studies that account for the local
magnetic effects related to the paramagnetism observed in this system in the normal state. In contrast to previous
studies, we find that including the magnetic contributions is necessary to bring the chemical potential of the
calculated electronic band structure naturally into alignment with the experimental observations.
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I. INTRODUCTION

The two key research areas of high-7, superconductivity
and topology have converged in studies of FeTeqssSeg s
where it has recently been reported that this high-7; super-
conductor supports a topological surface state at the center
of the Brillouin zone [1]. Furthermore, recent studies indicate
the possible existence of Majorana fermions or zero-energy
modes in the superconducting state [2]. Majorana fermions
(MFs), long sought after in high-energy particle physics,
represent particles that are their own antiparticles. Aside from
the fundamental interest in such exotic particles, they may
have application as especially robust components for quantum
computing. As such, there has been a considerable effort
to identify MFs in different heterostructures involving the
interface of a topological insulator with a superconductor. The
original proposal was for proximity to an s-wave supercon-
ductor [3], although experiments have also been attempted
with unconventional d-wave superconductors where the defin-
ing superconducting gap is larger [4,5]. The observation of
MFs has also recently been made in studies of a quantum
anomalous Hall insulator grown in contact with an s-wave
superconductor [6]. However, the latter phenomenon was only
observed at T ~ 1 K and in very fragile device structures. It
is therefore of considerable interest if there exists a high-T;
superconductor that supports an inherent topological state that
is susceptible to the superconducting transition. While the
discussion here focuses on the family FeTe;_,Se, (FTS), the
potential for the same phenomena to exist in other Fe-based
superconductors clearly exists. In fact, a recent report suggests
that this is indeed the case [7].
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Topological insulators represent materials that are insu-
lating in the bulk, but metallic in the surface layer. In non-
magnetic systems with inversion symmetry, it is possible to
characterize insulators by a Z, topological index, obtained
by taking the product of the parities at the time-reversal-
invariant points in the occupied Brillouin zone [8]. A value
of +1 for Z, describes a conventional insulator, a value of —1
describes a nontrivial topological insulator. Recognizing that
the atomic structure of the FTS system is characterized by the
inversion symmetric crystallographic space group P4/nmm,
previous theoretical studies of FeTeyssSep4s have applied
the Z, analysis and concluded that the material might indeed
support a topologically nontrivial band structure under certain
assumptions [9]. Such a conclusion does appear to be sup-
ported by the recent experimental observation of Dirac-like
fermions at the center of the Brillouin zone in this material [1].
However, calculated nonmagnetic (NM) band structures place
the relevant bands and associated spin-orbit-induced inverted
gaps well above the chemical potential [9,10]. Attribution
of such shifts of the chemical potential to doping [9] is
not a viable solution since the bands around the M point
will also be shifted and consequently pushed into significant
disagreement with experiments. We note that the requirement
that the band gap supporting the surface state is in alignment
with the chemical potential as observed experimentally has
also led to the discussion of the role of vertex interactions
and band renormalizations leading to a “curved chemical
potential” [10]. In the present study, we revisit these systems
both experimentally and theoretically, focusing on the normal
state. We are able to confirm and extend the previous ex-
perimental observations. However, theoretically we show the
importance of recognizing the paramagnetic—as opposed to
nonmagnetic—character of the normal state.

The FeTe;_,Se, family has a complex phase diagram.
FeTe itself is a nonsuperconducting material. Doping with
Se leads to the possibility of superconductivity. In fact, the
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(a) T=15K, P-pol. (b) T=20K, P-pol. (C) T=20K, S-pol.
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FIG. 1. (a) ARPES measurement of the electronic structure around the I' point of FeTe(ssSe4s using p-polarized light; (b) same
measurement as in (a), but now FeTe(;Se( 3 using p-polarized light; (c) same measurement as in (b), but using s-polarized light. (d)—(f) Cuts
through the spectral maps in (a)—(c) showing EDCs in the vicinity of the I" point. The temperatures associated with the different measurements

are indicated in (a)—(c).

complete replacement of Te by Se results in FeSe, a super-
conductor. Grown at the monolayer level, FeSe displays the
highest superconducting transition temperature found in the
Fe-based high-T, materials. In our own previous studies of the
FeTe( 55Sep45 system, we pointed to the role of spin-orbit
coupling in lifting the degeneracy of the bands at the center
of the zone and its potential role in the observed nematicity
in these systems [11]. The associated photoemission studies
were carried out at higher photon energies with lower energy
and momentum resolution. While they confirmed the role
of spin-orbit interactions in lifting the degeneracy, they did
not provide clear evidence of any topological state, although
in hindsight the latter state was already evident in second-
derivative plots shown in that study. Here we study the same
material again, but now using high-resolution laser-based
angle-resolved photoemission spectroscopy (ARPES) at 6 eV
photon energy with variable light polarization, including both
linear and circular polarized incident light. With the higher
energy and momentum resolution, we are able to confirm
that both FeTes55€e45 and the related FeTeg7Seq3 do in-
deed support electronic states in the form of Dirac cones
with a helical spin structure as expected for a topological

surface state. These experimental studies are compared with
theoretical studies within the framework of density functional
theory (DFT) that, unlike the previous studies [9,10], take
account of magnetic effects intrinsic to the paramagnetism
observed in the normal state [12]. As noted previously, it is
often necessary to take account of such magnetic contributions
to accurately describe the physical properties of the Fe-based
superconductors [13,14]. However, it is important to also note
that the paramagnetism characterized by the (disordered) local
moments can potentially remove the time-reversal symmetry
required in the normal analysis of topological insulators and
will significantly alter the electronic states. Further, such
breaking of time-reversal invariance leads to the possibility
of a gap associated with mass acquisition at the Dirac point,
as has been observed previously in the case of a magnetically
doped topological insulator [15]. As shown below, including
the magnetic contributions removes the necessity of arbitrarily
adjusting the chemical potential as the calculated electronic
band structure moves naturally into alignment with the exper-
imental observations. With this realignment, the discussion
of the nature of the band gap supporting the topological
surface state does indeed change. Finally, we note that the FTS
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material is not an insulator, being more metallic in character,
and thus its characteristics are probably more akin to those of
a topological metal or semimetal.

II. EXPERIMENT

The experimental studies reported here were carried out
using a 3 psec pulse width, 76 MHz rep rate, Coherent Mira
900P Ti:sapphire laser, the output of which was quadrupled to
provide 6.0 eV incident light, focused into a spot on the sam-
ple ~20 um in diameter. The polarization of the latter could
be varied with the use of quarter- and/or half-wave plates to
provide linear or circularly polarized light of arbitrary ori-
entation on the Poincaré sphere. Photoemission spectra were
obtained using a Scienta SES 2002 electron spectrometer.
Single crystals of FeTe;_,Se, were grown by a unidirectional
solidification method. The nominal compositions had no ex-
cess Fe, and T, measured by magnetic susceptibility, is 14.5 K
in both samples. These samples were cleaved in situ at T <
20K and base pressure of 5 x 10~!! Torr with measurements
on each sample completed within 8 hours. The surface quality
of each measurement location was confirmed by low-energy
electron diffraction (LEED) at the end of each measurement
and the Er referenced to a gold sample in contact with the
FTS samples. The effective energy resolution is ~2.5 meV

(FWHM). The angular resolution was ~0.002 10\_1 at the low
photon energy used.

We first examine these materials by comparing different
doping levels in the same family. In Fig. 1(a), we show
the spectral response obtained from an FeTeq s5Seg 45 system
using linearly polarized light, in this case p-polarized corre-
sponding to the polarization vector being more perpendicular

(@) (b)

to the surface. In Figs. 1(b) and 1(c), we show the spectral
response obtained from the related FeTe(;Sey 3 system, again
using linearly polarized light, but now with p- and s-polarized
light, the latter corresponding to the polarization vector be-
ing in the surface plane. In Figs. 1(d)-1(f), we show the
energy-distribution curves (EDCs) derived from Figs. 1(a)—
1(c) for different k. The presence of the Dirac cone is
clearly visible in all panels. However, the cone is more visible
with p-polarized light than s-polarized light. Interestingly,
the spectral response in Fig. 1(a) also appears to highlight
flatter bulk bands, which we associate with the bulk Z point
(k) =0, k; =1/2).

In Figs. 2(a) and 2(b), we show the spectral response that
we obtain from the same region of the Brillouin zone with
the same incident photon energy, but now using circularly
polarized light. The two panels show the effect of switching
from left- to right-hand circular (LHC and RHC, respectively)
polarization. The Dirac state clearly shows the appropriate
sensitivity to light polarization characteristic of a helical spin
structure, the latter an indication of the surface nature of the
state. We show this further in Fig. 2(c), where we present mo-
mentum distribution curves (MDCs) showing the dichroism as
a function of binding energy. The dichroic sensitivity switches
either side of the Dirac point, ~8.0 meV below the chemical
potential. However, we note that the measured dichroism of
30% from the FTS sample as defined by (I, — Iz)/(I + Ir)
is smaller than that measured under the same experimental
geometry from the Dirac state on the classic topological
insulator Bi; 5SbysTe; 7S 3, which is of the order of 80% in
our own studies [16]. The difference may reflect a different
degree of spin texture in the two systems or a greater overlap
between the surface state and the bulk bands in the more
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FIG. 2. The Dirac cone as seen on FeTeg 55Se 45 using (a) left-circularly polarized light and (b) right-circularly polarized light. The Dirac
point is located at approximately 8.5 meV below the chemical potential. (c) MDC cuts through spectra measured with left-polarized (red) and
right-polarized (blue) light as a function of binding energy (meV) as indicated. In all cases, the sample is held at 15 K in the normal state.
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FIG. 3. Calculated k-projected band structures along I'—Z. (a) Nonmagnetic bands with (lower panel) and without (upper panel) spin-orbit
coupling. The SOC-induced gap is indicated by the circle. (b) Magnetic bands without SOC and with SOC for in-plane (x) and perpendicular
(z) moments. Note the different energy scale (factor of 2) between (a) and (b) and the position of the zero energy (set to the calculated Fermi

level).

metallic FTS system. We further note that the observation of
dichroism when using incident circularly polarized light can
also reflect polarization effects in the final state. However, we
would suggest that such an observation represents an unlikely
explanation in view of the switch in measured dichroism
within a few meV on either side of the Dirac point.

III. THEORY

We now examine how these experimental observations
compare with theoretical calculations. Experimentally, the
FTS (and related FeSe) materials do not have long-range
magnetic order, but the Fe atoms have strong Hund’s rule
local magnetic and nearest-neighbor antiferromagnetic cor-
relations. Capturing the physics of this disordered magnetic
state is not a simple task, and typically the electronic structure
is calculated in ordered magnetic configurations or, as noted
above, by assuming that the paramagnetic state (with average
zero moment) is equivalent to zero magnetization everywhere.
However, as described elsewhere [17], the paramagnetic state

can be modeled as an explicit configurational average of a
(large) number of different “snapshots” to mimic the var-
ious short-range interactions and configurations that might
occur. Experimentally, there is good overall agreement with
the bands calculated for the so-called checkerboard antifer-
romagnetic (CB-AFM) ordering despite the fact that this is
not the lowest-energy ordered magnetic configuration. Again,
as discussed in more detail elsewhere [17], DFT spin-spiral
calculations place this S =1 spin system in a region of
phase space where CB-antiferromagnetic (AFM) quantum
fluctuations necessarily lead to a magnetically disordered
paramagnetic phase whose electronic structure will closely
resemble that of the ordered ¢ = 0 CB configuration. (For
the DFT calculations to be consistent with the observed para-
magnetic phase, the calculated mean-field ground state must
be the collinear stripe phase as found.) Thus, we model the
FeTe 5Seps system using a c(2 x 2) Te-Se ordering (above
and below the Fe plane) and with the Fe moments in the
CB AFM ordering, which has the same lowest order radial
correlation function as the random FeTejsSeys alloy. Both
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magnetic and Te-Se compositional fluctuations will lead to
M -point contributions to the electronic structure. All the re-
sulting bands are then k-projected back to the crystallographic
cell. Since the topological protection is a bulk property, we
consider bulk calculations only. The latter do not show evi-
dence of a topological surface state (TSS) directly. However,
we note that DFT calculations of the same system published
elsewhere also did not show direct evidence of a TSS. Rather,
the latter calculations relied on an effective Hamiltonian
approach superimposed on the DFT calculations to identify
potential TSS. Our calculations are performed using the full-
potential linearized augmented planewave method, including
spin orbit, with a plane-wave cutoff of 275 eV for the wave
functions. Because of the different atomic sizes of Se and Te,
the heights above the Fe planes differ by ~0.3 A, which were
then fixed for all calculations.

In Fig. 3, we compare the calculated band structures
in the I' — Z direction for nonmagnetic vs magnetic, and
with/without the inclusion of spin-orbit coupling (SOC). The
orbital character of the states at the zone boundaries is shown
for the case of no SOC. We can make a number of observa-
tions immediately. In the absence of local magnetic moments,
the relevant calculated bands, both with and without SOC, are
well above the chemical potential, in agreement with previ-
ous calculations [9,10]. The earlier nonmagnetic calculations
point to the possibility of a gap [indicated by the circle in
Fig. 3(a), lower panel] capable of hosting a topological state
arising from the SOC-induced hybridization of the downward
dispersing band composed of Fe dy,_,» (antibonding between
Fe sites) orbitals with the chalcogen p, orbitals. In the
presence of local magnetic moments and the resulting local
exchange splitting of Fe orbitals, both the flat d,>_, band and
the downward dispersing p, band are pushed essentially out
of the region of interest. In addition, as indicated in Fig. 3(b)
(upper left panel), the character of the two bands interchange
between I' and Z, indicating the type of band inversions
conducive to the formation of topological states. The effect of
SOC on the bands for the magnetic case [Fig. 3(b)] differs de-
pending on the assumed easy direction of the moments. For in-
plane moments (pointing along the x direction), the separation
between the bands increases and the upper band at Z crosses
the Fermi level. (Using a k-projection analysis, the bands
seen in thin-film calculations near the Fermi level around I'
can be identified as coming from bulk states around Z.) For
perpendicular moments (z direction), the resulting SOC bands
are more complicated. Because of the broken time-reversal
symmetry, the states at k and —k are no longer degenerate,
although still periodic, and the wave-function character shifts
among the different branches as a function of k,, with various
gaps opening. The maximum of the bands is now not at Z but
is shifted slightly away. Although the inclusion of magnetism
breaks both time-reversal and inversion symmetry, the product
remains a symmetry under AFM ordering, with the result that
the SOC bands are all doubly degenerate and the two wave
functions are related by this product, i.e., inversion transforms
orbitals on one Fe site to orbitals on the other Fe site and time-
reversal flips spin. Thus, in contrast to the nonmagnetic (and
“standard” topological insulator) situation, the wave functions
cannot be classified by parity at the time-reversal-invariant
momentum (TRIM) points.

Energy (meV)
|
s &

I
o

0 008

FIG. 4. Calculated k-projected bands for k), in k. planes at the
band maxima about Z for (a) perpendicular (z) and (b) in-plane
(x) moments along different directions as shown in the schematic
in the upper right panel. The color corresponds to the calculated
spectral weight; since bands of similar character (determined by
the overlap with respect to k) are found to have similar spectral
weight, the spectral weight becomes a proxy for wave-function
character in the plots. (c) Bands for perpendicular moments over a
0.08 x 0.08 A" region for k, at ~0.4Z, at Z, and at ~0.6Z. Note
the two maxima in the lower band, and that the gap remains for
each k.

In Fig. 4, we show the calculated band dispersion as a
function of k;; for both in-plane and out-of-plane moments at
a k, corresponding to the maximum of the band displacement
(e.g., at the Z point for in-plane moments) for several different
directions. As a result of magnetic ordering and static com-
positional fluctuations, the calculated bands for both in-plane
and perpendicular moments show behavior indicative of the
type of inverted gaps capable of supporting a topological
state: the upper band has its maximum—and largest spec-
tral weight—around k|, = 0, and disperses downward until it
reaches a minimum at the gap, at which point the spectral
weight and wave-function character (determined by tracking
the overlap of bands as a function of k) shift to the bands
on the other side of the gap. As expected, the wave-function
character of the upper band for k), further out and the lower
band on the other side of the gap near k; =0 show the
complementary behavior. As seen in Fig. 4(c), the gap exists
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for a large range of k; and over the whole kj| region of interest.
Moreover, note the saddle-shaped topology characteristic of
band inversion giving two maxima in the lower sheet. Because
of the mixing of spatial and magnetic degrees of freedom in
the symmetry operations, the inversion of the gaps involves
both orbital and spin character. As discussed above, these
band features are expected to be robust in the paramagnetic
phase, and thus the latter phase may indeed host a topological
Dirac surface state in the symmetry gaps around Z of the bulk.
While such states are not evident in bulk calculations, finite
film calculations of up to 13 FTS layers do not show evidence
of a topological Dirac state either, likely indicating that the
relevant bulk band features are not developed well enough in
these thin films to support a TSS. As a crude estimate of the
size of the film required to support a TSS, we note that to
describe the dispersion (curvature) of the bulk bands around
the extrema of the bands by a series of discrete points requires
a spacing Ak, less ~10% of I'—Z, which corresponds to >20
layer film. (For prototypical Bi,Ses, the minimum thickness
is 5-6 quintuple layers.)

As noted earlier, the symmetry breaking associated with
the local moments, evident in the lower panel of Fig. 3(b)
and Fig. 4(b), leads to the possibility of the topological state
acquiring mass via the Haldane mechanism (a magnetic field
that is zero on the average but has the full symmetry on the
lattice) [18], not unlike the paramagnetic state discussed here.
Further, it has been shown that doping with magnetic Fe atoms
leads to mass acquisition [15]. In fact, in the latter study,
the small gaps observed at low doping were believed to be
associated with a paramagnetic state. However, it has also
been suggested that the Dirac electrons on the surface can
interact through an Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction resulting in a ferromagnetic surface [19] when
the chemical potential lies near the Dirac point, precisely the
situation existing in the present systems. That the possibility
for a gap and hence mass acquisition exists is evident in Fig. 1.
Clearly, in the latter figure, the dispersion of the states in the
immediate vicinity of the Dirac point does not look linear but
rather more “quadratic.” We believe that such a gap with asso-
ciated dispersion is also a characteristic of the earlier studies
of the normal state published elsewhere [1]. The possibility

is also evident in the spectra of Fig. 2, which again appear
to indicate the presence of a gap in the vicinity of the Dirac
point. However, a word of caution is required. Examination
of the proposed Dirac cone for this system indicates that a
minimal misalignment (<0.5°) could give the appearance of
such a gap near the Dirac point. Resolution of the latter issue
will ultimately require a more precise measurement.

IV. CONCLUSION

In summary, we have confirmed that a surface state with
all the characteristics of a topological state does indeed exist
on the surface of members of the Fe-based superconductor
family FeTe,_,Se,. Furthermore, our calculations suggest that
the state exists in a spin-orbit-induced gap near the Z point
in the bulk Brillouin zone. The gap has the required band
inversion to support a topological state. We note that we have
earlier reported detailed investigations of the bulk bands at the
Z point involving different photon energies [11]. However,
the observation of the topological state will occur with a
wide range of photon energies reflecting its localized nature
in the surface layers [20]. We also make the important ob-
servation that correct alignment of the calculated bands with
experimental observation as found in the present study reflects
the recognition that the normal state is characterized by the
disordered local moments associated with the paramagnetic
ground state. The latter potentially breaks the time-reversal
and inversion symmetries, suggesting that the topological
protection is more akin to that found in topological metals
such as Weyl or Dirac semimetals.

ACKNOWLEDGMENTS

The authors acknowledge useful discussions with Igor Za-
lyznyak and John Tranquada. The experimental work carried
out at Brookhaven National Laboratory was supported by the
US Department of Energy under Contract No. DE-ACO02-
98CH10886, and in part by the Center for Computational
Design of Functional Strongly Correlated Materials and Theo-
retical Spectroscopy. The theoretical studies (M.W.) at UWM
were supported by the US Department of Energy Contract No.
DE-SC0017632.

[1] P. Zhang, K. Yaji, T. Hashimoto, Y. Ota, T. Kondo, K. Okazaki,
Z. Wang, J. Wen, G. D. Gu, H. Ding, and S. Shin, Science 360,
182 (2018).

[2] D. Wang, L. Kong, P. Fan, H. Chen, S. Zhu, W. Liu, L. Cao, Y.
Sun, S. Du, J. Schneeloch, R. Zhong, G. Gu, L. Fu, H. Ding,
and H.-J. Gao, Science 362, 333 (2018).

[3] L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407 (2008).

[4] E. Wang, H. Ding, A. V. Fedorov, W. Yao, Z. Li, Y.-F. Lv, K.
Zhao, L.-G. Zhang, Z. Xu, J. Schneeloch, R. Zhong, S.-H. Ji, L.
Wang, K. He, X. Ma, G. Gu, H. Yao, Q.-K. Xue, X. Chen, and
S. Zhou, Nat. Phys. 9, 621 (2013).

[5] T. Yilmaz, I. Pletikosié¢, A. P. Weber, J. T. Sadowski, G. D. Gu,
A. N. Caruso, B. Sinkovic, and T. Valla, Phys. Rev. Lett. 113,
067003 (2014).

[6] Q. L. He, L. Pan, A. L. Stern, E. C. Burks, X. Che, G. Yin,
J. Wang, B. Lian, Q. Zhou, E. S. Choi, K. Murata, X. Kou,
Z. Chen, T. Nie, Q. Shao, Y. Fan, S.-C. Zhang, K. Liu, J. Xia,
and K. L. Wang, Science 357, 294 (2017).

[7] Q. Liu, C. Chen, T. Zhang, R. Peng, Y.-J. Yan, C.-H.-P. Wen, X.
Lou, Y.-L. Huang, J.-P. Tian, X.-L. Dong, G.-W. Wang, W.-C.
Bao, Q.-H. Wang, Z.-P. Yin, Z.-X. Zhao, and D.-L. Feng, Phys.
Rev. X 8, 041056 (2018).

[8] L. Fu and C. L. Kane, Phys. Rev. B 76, 045302 (2007).

[9] G. Xu, B. Lian, P. Tang, X-L. Qi, and S-C. Zhang, Phys. Rev.
Lett. 117, 047001 (2016).

[10] Z. Wang, P. Zhang, G. Xu, L. K. Zeng, H. Miao, X. Xu, T. Qian,
H. Weng, P. Richard, A. V. Fedorov, H. Ding, X. Dai, and Z.
Fang, Phys. Rev. B 92, 115119 (2015).

205117-6


https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1038/nphys2744
https://doi.org/10.1038/nphys2744
https://doi.org/10.1038/nphys2744
https://doi.org/10.1038/nphys2744
https://doi.org/10.1103/PhysRevLett.113.067003
https://doi.org/10.1103/PhysRevLett.113.067003
https://doi.org/10.1103/PhysRevLett.113.067003
https://doi.org/10.1103/PhysRevLett.113.067003
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevLett.117.047001
https://doi.org/10.1103/PhysRevLett.117.047001
https://doi.org/10.1103/PhysRevLett.117.047001
https://doi.org/10.1103/PhysRevLett.117.047001
https://doi.org/10.1103/PhysRevB.92.115119
https://doi.org/10.1103/PhysRevB.92.115119
https://doi.org/10.1103/PhysRevB.92.115119
https://doi.org/10.1103/PhysRevB.92.115119

INTERPLAY OF PARAMAGNETISM AND TOPOLOGY IN ...

PHYSICAL REVIEW B 99, 205117 (2019)

[11] P. D. Johnson, H. B. Yang, J. D. Rameau, G. D. Gu, Z.-H.
Pan, T. Valla, and M. Weinert, Phys Rev. Lett. 114, 167001
(2015).

[12] N. Katayama, S. Ji, D. Louca, S. Lee, M. Fujita, T. J. Sato,
J. Wen, Z. Xu, G. Gu, G. Xu, Z. Lin, M. Enoki, S. Chang,
K. Yamada, and J. M. Tranquada, J. Phys. Soc. Jpn. 79, 113702
(2010).

[13] T. Yildrim, Physica C 469, 425 (2009).

[14] L. I. Mazin and M. D. Johannes, Nat. Phys. 5, 141 (2009).

[15] Y. L. Chen, J.-H. Chu, J. G. Analytis, Z. K. Liu, K. Igarashi,
H.-H. Kuo, X. L. Qi, S. K. Mo, R. G. Moore, D. H. Lu, M.

Hashimoto, T. Sasagawa, S. C. Zhang, 1. R. Fisher, Z. Hussain,
and Z. X. Shen, Science 329, 659 (2010).

[16] J. Rameau, N. Zaki, G. Gu, and P. D. Johnson (private
communication).

[17] T. Shishidou, D. F. Agterberg, and M. Weinert, Commun. Phys.
1, 8 (2018).

[18] F. D. M. Haldane, Phys. Rev. Lett. 61, 2015 (1988).

[19] Q. Liu, C.-X. Liu, C. Xu, X. L. Qi, and S. C. Zhang, Phys. Rev.
Lett. 102, 156603 (2009).

[20] S. G. Louie, P. Thiry, R. Pinchaux, Y. Pétroff, D. Chandesris,
and J. Lecante, Phys. Rev. Lett. 44, 549 (1980).

205117-7


https://doi.org/10.1103/PhysRevLett.114.167001
https://doi.org/10.1103/PhysRevLett.114.167001
https://doi.org/10.1103/PhysRevLett.114.167001
https://doi.org/10.1103/PhysRevLett.114.167001
https://doi.org/10.1143/JPSJ.79.113702
https://doi.org/10.1143/JPSJ.79.113702
https://doi.org/10.1143/JPSJ.79.113702
https://doi.org/10.1143/JPSJ.79.113702
https://doi.org/10.1016/j.physc.2009.03.038
https://doi.org/10.1016/j.physc.2009.03.038
https://doi.org/10.1016/j.physc.2009.03.038
https://doi.org/10.1016/j.physc.2009.03.038
https://doi.org/10.1038/nphys1160
https://doi.org/10.1038/nphys1160
https://doi.org/10.1038/nphys1160
https://doi.org/10.1038/nphys1160
https://doi.org/10.1126/science.1189924
https://doi.org/10.1126/science.1189924
https://doi.org/10.1126/science.1189924
https://doi.org/10.1126/science.1189924
https://doi.org/10.1038/s42005-018-0006-7
https://doi.org/10.1038/s42005-018-0006-7
https://doi.org/10.1038/s42005-018-0006-7
https://doi.org/10.1038/s42005-018-0006-7
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.102.156603
https://doi.org/10.1103/PhysRevLett.102.156603
https://doi.org/10.1103/PhysRevLett.102.156603
https://doi.org/10.1103/PhysRevLett.102.156603
https://doi.org/10.1103/PhysRevLett.44.549
https://doi.org/10.1103/PhysRevLett.44.549
https://doi.org/10.1103/PhysRevLett.44.549
https://doi.org/10.1103/PhysRevLett.44.549

