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We performed an angle-resolved photoemission spectroscopy study of BaMnaAs; and BaMnaShs,
which are isostructural to the parent compound BaFesAss of the 122 family of ferropnictide super-
conductors. We show the existence of a strongly k.-dependent band gap with a minimum at the
Brillouin zone center, in agreement with their semiconducting properties. Despite the half-filling of
the electronic 3d shell, we show that the band structure in these materials is almost not renormal-
ized from the Kohn-Sham bands of density functional theory. Our photon energy dependent study
provides evidence for Mn-pnictide hybridization, which may play a role in tuning the electronic

correlations in these compounds.

I. INTRODUCTION

Angle-resolved photoemission spectroscopy (ARPES)
experiments on Fe-based superconductors indicate non-
negligible band renormalization due to electronic cor-
relations [1, 2]. The key role attributed to a signifi-
cant Hund’s rule coupling in these materials and in their
isostructural nonferropnictide counterparts in tuning the
electronic correlations depends strongly on the 3d elec-
tronic shell filling [3-7]. The electronic correlations are
expected to reach a maximum at half-filling (Mn 3d°)
and to decrease away from that configuration. This sce-
nario is consistent with the observation by ARPES of re-
duced electronic correlations in BaCosAsy as compared
to BaFegAsy [8], which is inferred from a smaller renor-
malization of the electronic band structure in the former
case. However, how the electronic correlations, expected
to be even larger for a half-filled Mn 3d® shell, affect the
band renormalization in BaMnsAss, has not been ad-
dressed experimentally.

Here we report an ARPES study of BaMnsAss and
BaMnySby, which have the same crystal structure as
the ferropnictide parent compound BaFesAs,. We find a
k.-dependent band gap at the Brillouin zone (BZ) cen-
ter compatible with the semiconducting behavior of this
material [9]. Despite the half-filling of the Mn 3d-shell,
we find that the electronic band structure of BaMngAss
and BaMnyShs is basically unrenormalized compared to

Kohn-Sham bands of density functional theory. While
the antiferromagnetic order present in these compounds
is expected to milden correlation-induced band renormal-
izations, this effect is stronger than in antiferromagnetic
BaFegAss. Interestingly, our photon energy (hv) mea-
surements show Mn-pnictide hybridization for the elec-
tronic states near the Fermi level energy (Er). Our study
suggests that the hybridization between the 3d transition
metal atoms and the pnictide atoms cannot be neglected
in evaluating the strength of the electronic correlations
in the 122 materials.

II. EXPERIMENT AND CALCULATION
METHOD

The BaMnsAss and BaMnySbs single crystals used in
this study were grown by the flux method [9]. ARPES
experiments were performed at 25 K at beamlines PGM
and APPLE-PGM of the Synchrotron Radiation Cen-
ter (WI), with a VG-Scienta R4000 analyzer and a VG-
Scienta SES 200 analyzer, respectively. The energy and
angular resolutions were set at 15-30 meV and 0.2°, re-
spectively. The synchrotron data were recorded with o
polarized light tracking electronic states that are odd
with respect to the photoemission plane [10]. We point
out that the configuration used is not pure and that
the incident light contains a non-negligible component



of the potential vector along the direction perpendicu-
lar to the sample, which probes orbitals extended along
the z axis, such as d,2 and p,. Complementary mea-
surements at 30 K and 300 K were performed at the
Institute of Physics, Chinese Academy of Sciences, us-
ing the He al resonance line of a helium discharge lamp
(hv = 21.218 V). The light from the He discharge lamp
is unpolarized, except for a component of the potential
vector along perpendicular to the sample surface. The
samples were cleaved in situ and measured in a vacuum
better than 5x10~'! Torr. The Ep of the samples was
referenced to that of a freshly evaporated Ag or Au poly-
crystalline film. Following our previous works, we dis-
play the experimental results using the 1 Mn/unit cell
notations for the BZ, with a corresponding to the dis-
tance between Mn first neighbors and ¢ = ¢/2 corre-
sponding to the distance between two Mn planes. The
first-principles calculations of the electronic band struc-
tures are performed in the G-type antiferromagnetic or-
der, in which the unit cell contains 2 Mn atoms, as in the
paramagnetic case. These calculations were done using
the full-potential linearized-augmented plane-wave (FP-
LAPW) method implemented in the WIEN2K package
for the experimental crystal structures [11] and assum-
ing the G-type antiferromagnetic order observed experi-
mentally. The exchange-correlation potential was treated
using the generalized gradient approximation (GGA) by
Perdew, Burke and Ernzerhof (PBE) [12]. The radius of
the muffin-tin sphere Rj;r were 2.5, 2.5 and 2.26 Bohr
for Ba, Mn and As, respectively. A 10 x 10 x 10 k-
point mesh has been utilized in the self-consistent calcu-
lations. The truncation of the modulus of the reciprocal
lattice vector K42, which was used for the expansion of
the wave functions in the interstitial regions, was set to
Ryt X Kiaz = 7.

III. RESULTS AND DISCUSSION

The shallow core level spectra of BaMnsAso, BaFesAso
and BaMnySho, compared in Fig. 1(a), reveal their chem-
ical composition. In contrast to the relatively broad and
weak Fe 3p peak observed at 52.7 eV in BaFesAss, a
well-defined double-peak structure corresponding to Mn
3p electrons is observed around a binding energy (Ep)
of 47 €V in both BaMnyAss and BaMnySbs. While the
Sb 4d peaks detected at Eg = 32.5 ¢V and 31.2 eV in
BaMnySby cannot be compared directly to BaFesAso,
the shift in the position of the As 3d peaks in BaTMyAs,
(TM = Mn, Fe, Co) illustrates quite well the different
fillings of the 3d electron shells associated with different
transition metals. As shown in the inset of Fig. 1(a),
the As 3d peaks are downshifted by about 400 meV in
BaMnyAs, as compared to BaFeyAss, which is consis-
tent with a much smaller 3d band filling. In contrast, a
200 meV upward shift attributed to electron doping was
detected in BaCogAs, [8]. We caution though that a sim-
ple rigid band shift is far from sufficient to describe the
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FIG. 1. (color online) (a) Core level spectra of BaMnaAs,,
BaFesAsy (green) and BaMnaSba (blue). The inset shows
a zoom on the As 3d levels of BaMnyAs, (red), BaFesAss
(green) and BaCozAsy (purple). (b) and (c) EDCs of
BaMnzAs, measured at 25 K along the I'-M (k, = 0) and
Z-A (k. = m) high-symmetry lines, respectively. (d) hv de-
pendence of the normal emission EDCs in BaMnaAs,. (e) hv
dependence of the EDCs in BaMnzAss along M-A. (f) and
(g) Intensity plots of 2D-curvature [13] corresponding to the
EDCs in (b) and (c), respectively. Non-renormalized GGA
bands are overlapped for comparison.

spectra, especially near Er. In particular, a peak in the
electronic density-of-states of BaMnsAsy, and BaMn,Sho
that develops around Eg = 3 eV has no equivalent in
BaFe;Asy at higher Ep, suggesting a rearrangement of
the electronic states.

We performed ARPES experiments over a wide hv
range to investigate the near-Ep electronic band struc-
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FIG. 2. (color online) (a) ARPES intensity map at Er in
the k. = 0 plane of BaMnyAs,. (b) and (¢) 1D curvature
energy contour maps at 300 meV and 600 meV below Er at
k. = 0 plane. (d)-(f) Same as (a)-(c) but in the k. = 7 plane.
The energy integration window is 20 meV for all plots. (g)-(i)
Density functional calculations in the k, = 0 plane at Eg =
20 meV, Ep = 300 meV and Ep = 600 meV, respectively.

ture in the 3D momentum space. In Figs. 1(b) and 1(c)
we plot the energy distribution curves (EDCs) along the
M (k, = 0) and Z-A (k, = m) high-symmetry lines,
respectively. The corresponding intensity plots of 2D-
curvature [13] are given in Figs. 1(f) and 1(g), respec-
tively, along with the electronic band dispersions derived
from our GGA calculations. The 2D-curvature is an im-
proved version of the laplacian to track dispersive fea-
tures in image plots, which is based on the Gauss theory
of curvature. We observe two hole bands at the BZ cen-
ter, none of them crossing Er, as expected from the anti-
ferromagnetic ground state and semiconducting behavior
of BaMnyAss [9, 14, 15]. While the inner hole band is
gapped by about 200 meV below Ep for both k, values,
the band gap of the outer one varies from nearly 93 to 300
meV between I' and Z. However, due to band broadness,
the tail of spectral intensity extends to lower energies,
and the leading edge of the EDC at I' is as low as 10
meV, which clarifies why the system has a metallic-like
resistivity above 100 K [9] despite the large gap reported
earlier from ARPES at a single hv value [16]. The same
conclusion is drawn from the hv dependence of the nor-
mal emission EDCs, which are displayed in Fig. 1(d).

The dispersion of the two I'-centered hole bands is
rather well reproduced by our non-renormalized GGA
calculations. In fact, a simple downward shift of 50 meV
is sufficient to capture most of the ARPES dispersive

features down to 5 eV below Eg. Despite this remark-
able agreement, some bands cannot be explained by the
calculations. In particular, we can distinguish an addi-
tional hole band at the M and A points, which is quite
similar to the inner I'-centered hole band. Our experi-
mental results also reveal one band reaching its bottom
near -1.7 eV at the I" point. Interestingly, a similar band
appears clearly in the EDCs of Fig. 1(b) at the M point,
thus suggesting a I'-M band folding, as reported earlier
[16]. We note that the band folding is also noticeable in
the hrv dependence of the EDCs along M-A displayed in
Fig. 1(e), which show a peak at the same energy as along
the I'-Z direction.

To investigate further the band folding, we show in
Fig. 2 the maps of ARPES intensity at Er as well as
the intensity maps of 1D curvature along &, at 300 meV
and 600 meV below Fpr. Despite the absence of a real
Fermi surface, we observe small residual photoemission
intensity at I [Fig. 2(a)] and Z [Fig. 2(d)] due to the
tail of the spectral weight associated with the I'-centered
hole bands. In addition, we detect unexpected intensity
at the M and A points, reinforcing our assumption of a
I'-M band folding. At 300 meV below Epr the intensity
map of curvature reveals a pattern at the I' point formed
by a diamond-like contour enclosing a X-shape feature.
While we do not detect any trace of the diamond-like con-
stant energy contour at the M point, the X-shape feature
is clearly observed. Our calculations of constant energy
maps, displayed in Figs. 2(g)-2(i), show patterns at the
I" and Z points that are consistent with the experimen-
tal observations. However, nothing is predicted at the M
point, in contrast to the ARPES data.

The reason for the ARPES observation of such band
folding is unclear. Neutron diffraction experiments on
BaMngAss suggest a G-type AFM alignment with Mn
moments aligned along the c-axis [17]. Unlike the
collinear magnetic order usually observed in the 122 fer-
ropnictides [18, 19], which induces a I'-M band folding
[20, 21], no in-plane folding is expected for the G-type
AFM structure in the 122 materials, whatever the in-
plane or out-of-plane alignment of the Mn moments. Our
results suggest that there is a v/2 x /2 doubling of the
primitive cell, if not in the bulk at least at the sur-
face, caused by either a magnetic or crystal structure
distortion. Although it cannot induce the band folding
observed in BaMnsAss, a weak in-plane ferromagnetic
component was reported in hole-doped Baj_ K, MnsAss
[22, 23]. Although a theoretical study attributes the
in-plane ferromagnetic component to a canting of the
Mn moments [24], recent X-ray magnetic circular dichro-
ism experiments rather suggest that the ferromagnetic
component resides on the As 2p orbital [25]. In either
cases, the magnetic structure in BaMnsAss is certainly
prone to a distortion as compared to the simple G-type
AFM of the Mn alone, which could possibly induce a
band folding. Alternatively, a v/2 x /2 reconstruction
at the surface could also lead to the observed band fold-
ing [26, 27]. We note that neither the Sb 4d nor the As 3d
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FIG. 3. (color online) (a) and (b) ARPES intensity plots along I' — M recorded in BaMnyAsy at hv = 45.0 and 46.6 eV,

respectively.

(c) Normal emission EDCs of BaMnaAsy as a function of hv around the 46.6 eV resonance.

(d) Integrated

photoemission intensity I (from Ep = 240 meV to 260 meV) of the normal emission EDCs with respect to hv, and comparison
with the Mn 3p core level spectrum of BaMnaAs,. (e) Same as (d) but for BaMnySbs. (f)-(h) hv dependence of the ARPES
intensity along I'-M in BaMn2As; (Ep = 20 meV), BaMnaSbs (Ep = 50 meV) and BaFesAsy (Er), respectively.

core levels exhibit anomalies similar to that reported in
the EuFeyAsy_ . P, and associated to a surface state [28].

Except for the band folding described above, the rel-
atively good agreement between the GGA calculations
and the ARPES data is in sharp apparent contrast with
the common expectation that the half-filled 3d band of
BaMnyAss would lead to electronic states more renor-
malized than for the 3d® configuration of the ferropnic-
tides [29], for which overall renormalization factors of
about 2-5 are typically reported by ARPES for the Fe
3d states, regardless of antiferromagnetic ordering [1]. In
order to understand this effect, we investigated the ele-
mental composition of the electronic states near Er by
performing photoemission experiments over a wide hv
range. Strong variation of photoemission intensity is ob-
served, in particular in the hv = 45—49 eV range. For ex-
ample, a strong contrast of intensity is observed between
ARPES cuts recorded with 45 eV and 46.6 eV photons, as
shown in Figs. 3(a) and 3(b), respectively. In particular,
the outmost hole band around the I' point and the band
that bottoms at 4.5 eV are strongly affected. Fig. 3(c)
illustrates the evolution of the photoemission intensity of
the normal emission EDCs within the hv = 45 —49.4 eV
range. A resonance, followed by a strong decrease in the
overall intensity, is observed around 46.6 eV. As shown
in Fig. 3(d), the profile I of photoemission intensity at
T as a function of hv for the 240 meV - 260 meV Ep
range is in good coincidence with the Mn 3p core levels
displayed as a function of Ep. As shown in Fig. 3(e),
a similar phenomenon is observed in BaMnySby at a

slightly higher resonance energy (hv = 47 eV). Although
it contrasts with the anti-resonance profile reported in
Bag ¢Kg.4FeaAss at 53 eV and coinciding with the Fe 3p
absorption edge [30], this result confirms that the near-
Er electronic states in BaMnyAso and BaMnySbhy derive
for a large part from Mn 3d orbitals.

Careful examination of the hv dependence data reveals
another photoemission behavior. We plot in Figs. 3(f)-
3(h) the hr dependent intensity map in the k, = 0 plane.
The 20 meV energy integration windows are centered at
Ep =20 meV, 50 meV and 0 in BaMnsAs,, BaMnySho
and BaFes Asg, respectively. Interestingly, stronger spots
of intensity in Figs. 3(f) and 3(g) are observed for hv
values coinciding to the I' point, but this intensity varies
from one T position to the next. In Fig. 4(a) we compare
the EDCs of BaMnyAsy at 3 I points [[' (hv = 21 eV),
Ty(hv = 47 €V) and I's(hv = 73 V)], and we plot in
Fig. 4(b) the curve of the integrated value of the near-
Er intensity as a function of hv. While the calculated
photoemission cross section of the Mn 3d electrons [31],
also displayed in Fig. 4(b), is the smallest for the lowest
photon energies and shows a maximum around 40 eV, the
experimental intensity decreases monotonically with hv,
which is more consistent with As 4p states. However, this
experimental decrease is slower than expected for the As
4p states, most likely due to the hybridization with the
Mn 3d states. As reported in a previous theoretical study
[9], the Mn 3d and As 4p orbital projections obtained
from our GGA calculations, displayed in Figs. 4(e)- 4(n),
suggest a certain level of Mn-pnictide hybridization in
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FIG. 4. (color online) (a) Normal emission EDCs at different I points [I'1 (hv = 21 V), I'2(hvy = 47 eV) and T's(hv = 73 V)]
of BaMnaAss. (b) Integrated intensity (20 meV below Er) of the normal emission EDCs and the calculated cross section
of photoionization for the Mn 3d and As 4p orbitals [31]. (c) and (d) Intensity plots of 2D curvature of cuts recorded in
BaMnzAs; along M at 30 K and 300 K, respectively, using the He al resonance line of a helium discharge lamp. (e)- (n)
GGA calculations of BaMnsAss in the antiferromagnetic state, along high-symmetry lines. Mnl and Mn2 refer to Mn sites with
spin up (majority state) and spin down (minority state), respectively. The size of the markers indicate the orbital projection
on the states indicated on the top of each panel. For a better identification of the As 4p character, the size of the markers for
those states has been chosen 5 times larger than the one for the Mn 3d states.

these systems. This is notably true for the d;, band that
approaches Er at the zone center, which hybridizes with
the p, orbital. We note that the enhanced k, dispersion
of the d,, band observed in BaMnsAs, as compared to
BaFes Ass is consistent with its hybridization with the p,
orbital. We note that the bands that are observed are
consistent with the o + A, polarization configuration of
our experimental setup.

We now discuss the absence of strong band renormal-
ization in BaMnsAss and BaMnsSbs. A recent study
shows that density functional theory (DFT) calculations,
which do not include the effect of the electronic cor-
relations, give results that are quite different from the
spectral function calculated by DFT+dynamical mean
field theory (DFT+DMFT) in the paramagnetic state
of LaOMnAs [32], thus expressing the effect of the elec-
tronic correlations. It is also argued that the proxim-
ity to a Mott transition in LaOMnAs and BaMnsAss is
responsible for their high Néel temperatures Tn’s [32].
For example, BaMnyAss exhibits G-type antiferromag-
netism with a Néel temperature as high as Ty = 625 K

and a large ordered moment (p = 3.9up) [17]. Inter-
estingly, the calculated DFT+DMFT spectral function
of LaOMnAs gains coherence in the antiferromagnetic
state, with the DFT bands overlapping pretty well on
the DFT+DMEFT calculations. This supports the idea
that the first ingredient being responsible for the negli-
gible band renormalization is indeed the antiferromag-
netic order of the compounds. This observation matches
what is generally known from DFT calculations: one of
the most important failure of DFT is the inability of de-
scribing local moment behavior in paramagnetic phases.
Those are either described as non-magnetic or one has
to artificially introduce magnetic order. In the presence
of magnetic order, many of the consequences of the ex-
istence of magnetic moments can in fact be correctly de-
scribed within a one-particle picture, rationalizing why
magnetic calculations often give a more appropriate pic-
ture of certain physical properties. However, the situa-
tion in BaMnsAsy goes beyond this relatively simple ob-
servation. Indeed, the case of BaMnyAsy contrasts with
the non-negligible band renormalization found in the an-



tiferromagnetic state of metallic BaFesAsy, well below
Tn [20]. One may speculate that the origin of this differ-
ence lies precisely in the half-filled shell: Hund’s coupling
induces a high-spin configuration, which is maximally ef-
ficient in suppressing charge and spin fluctuations, restor-
ing an unrenormalized band picture. This is consistent
with findings within DFT + DMFT calculations that in-
dicate that Hund’s coupling (Jg) is responsible for the
insulating nature of BaMnsAss [33], and that the (metal-
lic) band structure calculated without Hund’s coupling
is significantly more renormalized than in the calculation
that includes a finite Jg.

Transport measurements show an insulating-like be-
havior for BaMnyAssy at the temperature for which most
of our ARPES data were recorded. This observation
directly documents the absence of charge fluctuations
(which goes hand in hand with a suppression of spin
fluctuations due to the d® high spin configuration). In-
creasing the number of itinerant carriers could in this
picture be expected to reintroduce band renormalisa-
tion. To check this possibility, we compare ARPES data
obtained at 30 K and 300 K in Figs. 4(c) - 4(d). Al
though smaller than T, the latter temperature is much
higher than 100 K, temperature around which resistivity
switches from insulating-like to metallic-like [9]. Besides
thermal broadening, the results are basically identical,
and no change in the bandwidth is observed at 300 K
as compared to 30 K, suggesting that the carrier density
might still be too low.

IV. SUMMARY

In summary, we have used ARPES to characterize the
electronic band structure of BaMnyAsy and BaMnySbs.
We have shown that their electronic structure is consis-
tent with their semiconducting properties. We observed
a strongly k.-dependent band gap with a minimum of 93
meV at k, = 0. Our data provide an experimental proof
of a Mn-pnictide hybridization in these compounds. One
direct consequence is a larger spatial extension of the
Mn 3d states, which should thus lead to a decrease in
the electronic correlations. Our results suggest that the
network of the transition metal atoms in the ferropnic-
tides and related nonferropnictides cannot be viewed as
independent in evaluating the strength of the electronic
correlations in these materials.

ACKNOWLEDGEMENT

We acknowledge G. Kotliar for useful discussions.
This work was supported by grants from MOST
(2011CBA001000, 2011CBA00102, 2012CBR&21403,
2013CB921703 and 2015CB921301) and NSFC
(11004232, 11034011/A0402, 11234014, 11274362 and
11674371) from China and a Consolidator Grant of the
European Research Council (project number 617196).
This work is based in part on research conducted at
the Synchrotron Radiation Center, which was primarily
funded by the University of Wisconsin-Madison with
supplemental support from facility Users and the Uni-
versity of Wisconsin-Milwaukee. The work at ORNL was
supported by the Department of Energy, Basic Energy
Sciences, Materials Sciences and Engineering Division.

*

p.richard@iphy.ac.cn
t dingh@iphy.ac.cn

[1] P. Richard, T. Sato, K. Nakayama, T. Takahashi, and
H. Ding, Rep. Prog. Phys. 74, 124512 (2011).

[2] A. van Roekeghem, Pierre Richard, Hong Ding and S.
Biermann, C. R. Physique 17, 140 (2016).

[3] K. Haule and G. Kotliar, New J. Phys. 11, 025021 (2009).

[4] M. Aichhorn, S. Biermann, T. Miyake, A. Georges, and
M. Imada, Phys. Rev. B 82, 064504 (2010).

[5] A. Liebsch and H. Ishida, Phys. Rev. B 82, 155106
(2010).

[6] H. Ishida and A. Liebsch, Phys. Rev. B 81, 054513
(2010).

[7] A. Georges, L. d. Medici, and J. Mravlje, Annu. Rev.
Condens. Matter Phys. 4, 137 (2013).

[8] N. Xu, P. Richard, A. van Roekeghem, P. Zhang,
H. Miao, W.-L. Zhang, T. Qian, M. Ferrero, A. S. Se-
fat, S. Biermann, and H. Ding, Phys. Rev. X 3, 011006
(2013).

[9] J. An, A. S. Sefat, D. J. Singh, and M.-H. Du, Phys.

Rev. B 79, 075120 (2009).

[10] X.-P. Wang, P. Richard, Y.-B. Huang, H. Miao, L. Cevey,
N. Xu, Y.-J. Sun, T. Qian, Y.-M. Xu, M. Shi, J.-P. Hu,
X. Dai and H. Ding, Phys. Rev. B 85, 214518 (2012).

[11] P. Blaha, K. Schwarz, G. Madsen, D. Kvaniscka and J.
Luitz, in WIEN2K, An Augmented Plane Wave Plus Lo-
cal Orbitals Program for Calculating Crystal Properties,
edited by K. Schwarz (2001).

[12] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).

[13] P. Zhang, P. Richard, T. Qian, Y.-M. Xu, X. Dai, and
H. Ding, Rev. Sci. Instrum. 82, 043712 (2011).

[14] S.-Q. Xia, C. Myers, and S. Bobev, Eur. J. In. Chem.
2008, 4262 (2008).

[15] H. F. Wang, K. F. Cai, H. Li, L. Wang, and C. W. Zhou,
J. Alloys Compd. 477, 519 (2009).

[16] A. Pandey, R. S. Dhaka, J. Lamsal, Y. Lee, V. K. Anand,
A. Kreyssig, T. W. Heitmann, R. J. McQueeney, A. 1.
Goldman, B. N. Harmon, A. Kaminski, and D. C. John-
ston, Phys. Rev. Lett. 108, 087005 (2012).

[17] Y. Singh, M. A. Green, Q. Huang, A. Kreyssig, R. J.
McQueeney, D. C. Johnston, and A. I. Goldman, Phys.
Rev. B 80, 100403 (2009).


mailto:p.richard@iphy.ac.cn
mailto:dingh@iphy.ac.cn
http://stacks.iop.org/0034-4885/74/i=12/a=124512
http://dx.doi.org/10.1016/j.crhy.2015.11.003
http://stacks.iop.org/1367-2630/11/i=2/a=025021
http://link.aps.org/doi/10.1103/PhysRevB.82.064503
http://link.aps.org/doi/10.1103/PhysRevB.82.155106
http://link.aps.org/doi/10.1103/PhysRevB.82.155106
http://link.aps.org/doi/10.1103/PhysRevB.81.054513
http://link.aps.org/doi/10.1103/PhysRevB.81.054513
http://dx.doi.org/10.1146/annurev-conmatphys-020911-125045
http://dx.doi.org/10.1146/annurev-conmatphys-020911-125045
http://link.aps.org/doi/10.1103/PhysRevX.3.011006
http://link.aps.org/doi/10.1103/PhysRevX.3.011006
http://link.aps.org/doi/10.1103/PhysRevB.79.075120
http://link.aps.org/doi/10.1103/PhysRevB.79.075120
http://dx.doi.org/ 10.1103/PhysRevB.85.214518
http://link.aps.org/doi/10.1103/PhysRevLett.77.3865
http://link.aps.org/doi/10.1103/PhysRevLett.77.3865
http://scitation.aip.org/content/aip/journal/rsi/82/4/10.1063/1.3585113
http://dx.doi.org/10.1002/ejic.200800572
http://dx.doi.org/10.1002/ejic.200800572
http://www.sciencedirect.com/science/article/pii/S0925838808017362
http://link.aps.org/doi/10.1103/PhysRevLett.108.087005
http://link.aps.org/doi/10.1103/PhysRevB.80.100403
http://link.aps.org/doi/10.1103/PhysRevB.80.100403

[18] Q. Huang, Y. Qiu, W. Bao, M. A. Green, J. W. Lynn,
Y. C. Gasparovic, T. Wu, G. Wu, and X. H. Chen, Phys.
Rev. Lett. 101, 257003 (2008).

[19] J. Zhao, D.-X. Yao, S. Li, T. Hong, Y. Chen, S. Chang,
W. Ratcliff, J. W. Lynn, H. A. Mook, G. F. Chen, J. L.
Luo, N. L. Wang, E. W. Carlson, J. Hu, and P. Dai,
Phys. Rev. Lett. 101, 167203 (2008).

[20] P. Richard, K. Nakayama, T. Sato, M. Neupane, Y.-M.
Xu, J. H. Bowen, G. F. Chen, J. L. Luo, N. L.. Wang,
X. Dai, Z. Fang, H. Ding, and T. Takahashi, Phys. Rev.
Lett. 104, 137001 (2010).

[21] S. Graser, A. F. Kemper, T. A. Maier, H.-P. Cheng, P. J.
Hirschfeld, and D. J. Scalapino, Phys. Rev. B 81, 214503
(2010).

[22] J.-K. Bao, H. Jiang, Y.-L. Sun, W.-H. Jiao, C.-Y. Shen,
H.-J. Guo, Y. Chen, C.-M. Feng, H.-Q. Yuan, Z.-A. Xu,
G.-H. Cao, R. Sasaki, T. Tanaka, K. Matsubayashi, and
Y. Uwatoko, Phys. Rev. B 85, 144523 (2012).

[23] A. Pandey, B. G. Ueland, S. Yeninas, A. Kreyssig,
A. Sapkota, Y. Zhao, J. S. Helton, J. W. Lynn, R. J.
McQueeney, Y. Furukawa, A. I. Goldman, and D. C.
Johnston, Phys. Rev. Lett. 111, 047001 (2013).

[24] J. K. Glasbrenner and I. I. Mazin, Phys. Rev. B 89,
060403 (2014).

[25] B. G. Ueland, Abhishek Pandey, Y. Lee, A. Sapkota,
Y. Choi, D. Haskel, R. A. Rosenberg,J. C. Lang, B. N.

Harmon, D. C. Johnston, A. Kreyssig and A. I. Goldman,
Phys. Rev. Lett. 114, 217001 (2015).

[26] F. Massee, S. de Jong, Y. Huang, J. Kaas, E. van
Heumen, J. B. Goedkoop, and M. S. Golden, Phys. Rev.
B 80, 140507 (2009).

[27] V. B. Nascimento, A. Li, D. R. Jayasundara, Y. Xuan,
J. O’Neal, S. Pan, T. Y. Chien, B. Hu, X. B. He, G. Li,
A. S. Sefat, M. A. McGuire, B. C. Sales, D. Mandrus,
M. H. Pan, J. Zhang, R. Jin, and E. W. Plummer, Phys.
Rev. Lett. 103, 076104 (2009).

[28] P. Richard, C. Capan, J. Ma, P. Zhang, N. Xu, T. Qian,
J. D. Denlinger, G.-F. Chen, A. S. Sefat, Z. Fisk, and
H. Ding, J. Phys.: Condens. Matter 26, 035702 (2014).

[29] Y. X. Yao, J. Schmalian, C. Z. Wang, K. M. Ho, and
G. Kotliar, Phys. Rev. B 84, 245112 (2011).

[30] H. Ding, K. Nakayama, P. Richard, S. Souma, T. Sato,
T. Takahashi, M. Neupane, Y.-M. Xu, Z.-H. Pan, A. V.
Fedorov, Z. Wang, X. Dai, Z. Fang, G. F. Chen, J. L.
Luo, and N. L. Wang, J. Phys: Condens. Matter 23,
135701 (2011).

[31] J. Yeh and I. Lindau, Atom. Data Nucl. Data 32, 1
(1985).

[32] M. Zingl, E. Assmann, P. Seth, I. Krivenko and M. Aich-
horn, Phys. Rev. B 94, 045130 (2016).

[33] D. E. McNally, S. Zellman, Z. P. Yin, K. W. Post, H. He,
K. Hao, G. Kotliar, D. Basov, C. C. Homes, and M. C.
Aronson, Phys. Rev. B 92, 115142 (2015).


http://link.aps.org/doi/10.1103/PhysRevLett.101.257003
http://link.aps.org/doi/10.1103/PhysRevLett.101.257003
http://link.aps.org/doi/10.1103/PhysRevLett.101.167203
http://link.aps.org/doi/10.1103/PhysRevLett.104.137001
http://link.aps.org/doi/10.1103/PhysRevLett.104.137001
http://link.aps.org/doi/10.1103/PhysRevB.81.214503
http://link.aps.org/doi/10.1103/PhysRevB.81.214503
http://link.aps.org/doi/10.1103/PhysRevB.85.144523
http://link.aps.org/doi/10.1103/PhysRevLett.111.047001
http://link.aps.org/doi/10.1103/PhysRevB.89.060403
http://link.aps.org/doi/10.1103/PhysRevB.89.060403
http://dx.doi.org/10.1103/PhysRevLett.114.217001
http://link.aps.org/doi/10.1103/PhysRevB.80.140507
http://link.aps.org/doi/10.1103/PhysRevB.80.140507
http://link.aps.org/doi/10.1103/PhysRevLett.103.076104
http://link.aps.org/doi/10.1103/PhysRevLett.103.076104
http://stacks.iop.org/0953-8984/26/i=3/a=035702
http://link.aps.org/doi/10.1103/PhysRevB.84.245112
http://stacks.iop.org/0953-8984/23/i=13/a=135701
http://stacks.iop.org/0953-8984/23/i=13/a=135701
http://www.sciencedirect.com/science/article/pii/0092640X85900166
http://www.sciencedirect.com/science/article/pii/0092640X85900166
http://dx.doi.org/ 10.1103/PhysRevB.94.045130
http://dx.doi.org/10.1103/PhysRevB.92.115142

