aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Orbital selective neutron spin resonance in underdoped
superconducting NaFe {0.985}Co {0.015}As
Weiyi Wang, J. T. Park, Rong Yu, Yu Li, Yu Song, Zongyuan Zhang, Alexandre Ivanov, Jiri
Kulda, and Pengcheng Dai
Phys. Rev. B 95, 094519 — Published 24 March 2017
DOI: 10.1103/PhysRevB.95.094519


http://dx.doi.org/10.1103/PhysRevB.95.094519

Orbital selective neutron spin resonance in underdoped superconducting
NaFeq.985C00.015A8

Weiyi Wang,! J. T. Park,? Rong Yu,>? Yu Li,! Yu Song,' Zongyuan

Zhang,® Alexandre Ivanov,® Jiri Kulda,® and Pengcheng Dai

1,7, %

!Department of Physics and Astronomy, Rice University, Houston, Texas 77005, USA
?Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universitit Minchen, D-85747 Garching, Germany
3 Department of Physics and Beijing Key Laboratory of Opto-electronic Functional Materials and Micro-nano Devices,
Renmin University of China, Beijing 100872, China
4 Department of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240,
China and Collaborative Innovation Center for Advanced Microstructures, Nangjing 210093, China
?School of Physics, Huazhong University of Science and Technology, Wuhan, Hubei 430074, China
SInstitut Laue-Langevin, 71, avenue des Martyrs, 38000 Grenoble, France
"Center for Advanced Quantum Studies and Department of Physics,

Beijing Normal University, Beijing 100875, China

We use neutron scattering to study the electron-doped superconducting NaFeg 9s5Coo.015As (Te =
14 K), which has co-existing static antiferromagnetic (AF) order (Ix = 31 K) and exhibits two
neutron spin resonances (Er1 ~ 3.5 meV and Er2 ~ 6 meV) at the in-plane AF ordering wave vector
Qur = Q1 = (1,0) in reciprocal space. In the twinned state below the tetragonal-to-orthorhombic
structural transition 75, both resonance modes appear at Qi but cannot be distinguished from
Q2 = (0,1). By detwinning the single crystal with uniaxial pressure along the orthorhombic b-axis,
we find that both resonances appear only at Qi1 with vanishing intensity at Q2. Since electronic
bands of the orbital d,. and d,. characters split below T with the d,. band sinking ~ 10 meV
below the Fermi surface, our results indicate that the neutron spin resonances in NaFeg.9s5Co0.015As
arise mostly from quasi-particle excitations between the hole and electron Fermi surfaces with the

dy- orbital character.

PACS numbers: 74.25.Ha, 74.70.-b, 78.70.Nx

Understanding the role of magnetism in the electron
pairing of unconventional superconductors such as cop-
per oxides, iron pnictides, and heavy Fermions continues
to be an important topic in modern condensed matter
physics because superconductivity in these materials is
derived from their long-range antiferromagnetic (AF) or-
dered parent compounds!™. One of the key evidences
suggesting that magnetism is involved in the electron
pairing and superconductivity is the observation by in-
elastic neutron scattering (INS) of a neutron spin reso-
nance in the superconducting state of various unconven-
tional superconductors® 1%, The resonance is a collec-
tive magnetic excitation occurring below the supercon-
ducting transition temperature T, with a temperature-
dependence similar to the superconducting order param-
eter, and is located at the AF ordering wave vector Qap
of their parent compound® 6. Moreover, the energy of
the resonance has been associated with T, or supercon-
ducting gap size A'"!®. In iron pnictide superconduc-
tors [Fig. 1(a)], the resonance is generally interpreted
as a spin exciton arising from sign-reversed quasiparticle
excitations between the hole (at T' point) and electron
(at X and Y points) Fermi surfaces [Fig. 1(b)]'%20. In
reciprocal space, the I' — X and I' — Y Fermi surface
nesting corresponds to wave vectors of Q; = (1,0) and
Q2 = (0,1), respectively [Fig. 1(c)]. If this is indeed the
case, one would expect that significant modifications of
the Fermi surfaces should affect the wave vector depen-

dence and energy of the resonance?.

In electron-doped superconducting NaFe;_,Co,As
[Fig. 1(a)]? 24, INS experiments have mapped out
the Co-doping dependence of the resonance!! 3. For
underdoped NaFeo_985COO_015AS with Tc = 14 K and
a tetragonal-to-orthorhombic structural transition be-
low Ts ~ 40 K, where the static long-range AF
order (Ty = 31 K) microscopically coexists with
superconductivity'>2°-27 superconductivity induces one
dispersive sharp resonance near E,; = 3.5 meV and a
broad dispersionless mode at E,o = 6 meV at a wave
vector consistent with Qar = Q1 = (1,0) but cannot be
distinguished from Q2 = (0, 1)*2. Although nuclear mag-
netic resonance (NMR) measurements on NaFe; _,Co, As
suggested the presence of a 8% volume fraction para-
magnetic phase for x < 0.0175 samples that is doping
independent?”, the bulk nature of neutron scattering does
not allow us to separate this phase from the dominant AF
phase. Upon further Co-doping to reach optimal super-
conductivity without static AF order, the double reso-
nances in NaFe;_,Co,As become a single resonance'' 13,
Since the disappearance of the double resonances occurs
at approximately the same doping level as the vanishing
static AF order with increasing Co-doping'' '3, the pres-
ence of double resonances has been interpreted as due
to the coexisting AF order and superconductivity?®2°.
In this picture, one would expect that the resonance
associated with the AF order to exclusively appear at
Qar = Q1 = (1,0) in a completely detwinned sample
as the collinear AF order explicitly breaks the Cy rota-



tional symmetry of the orthorhombic lattice [see inset of
Fig. 1(a)], while the resonance associated with itinerant
electrons and simple nested Fermi surfaces (without con-
sidering the inter- and intra- orbital scattering processes)
should be present at both Qar = Q1 and Q = Q2 [Fig.
1(b)]28,29.
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FIG. 1: (a) The phase diagram of NaFe;_;CozAs with the
arrow indicating the Co-doping concentration in our experi-
ment. The inset shows positions of magnetic excitations in
the [H, K] plane under uniaxial pressure along the b-axis. (b)
Schematic Fermi surfaces of NaFeg 9s5Co0.015As in the para-
magnetic tetragonal state and different orbitals are charac-
terized with different colors. The arrows mark nesting wave
vectors Q; = (1,0) and Q, = (0,1). (c) Schematic dy. and
ds. orbital bands in NaFe;_,Co,As above and below T as
seen by ARPES31:32,

Alternatively, the presence of double resonances can
arise from orbital-selective pairing-induced supercon-
ducting gap anisotropy’. From angle resolved photoe-
mission spectroscopy (ARPES) experiments®! 33, it was
found that the superconducting gap anisotropy appear-
ing in the low Co-doping regime of NaFe; ,Co,As dis-
appears in electron overdoped NaFeg g55C00.045A83%3%.
The double resonances at Qar = Qi in underdoped
NaFe;_,Co,As can therefore be due to the presence
of superconducting gap anisotropy in the underdoped
regime!'2. Since AF order is not expected to affect the su-
perconducting gap anisotropy, one would expect the pres-
ence of the double resonances at Qar = Q1 and Q = Q2
in a detwinned single crystal of NaFeg gs5Cog.015A8%C.
Therefore, by using uniaxial pressure to detwin the sin-
gle crystal®® 39 one can potentially determine the micro-
scopic origin of the double resonances*’. In previous INS
experiment on partially detwinned NaFeq gg5Cog.015As,
it was reported that the double resonance are present
with similar intensity at both Qar = Q1 and Q = Qq,
thus suggesting that the double resonance originates from
the anisotropic superconducting gap in the underdoped
regime*’. However, the detwinning ratio of studied com-

pound was estimated from two separate experiments un-
der possibly not identical pressure condition. In addition,
due to the large background level at the elastic scatter-
ing channel originated from the pressure device in the
experiment, the reported detwinning ratio in*® is likely
to be overestimated. Therefore, to conclusively deter-
mine the effect of detwinning and uniaxial pressure on
the resonance, one needs to carry out INS experiments
by comparing directly pressured and pressureless case us-
ing the same sample holder with the same spectrometer
setup.

If we assume that low energy spin excitations in iron
pnictides originate from quasi-particle excitations be-
tween hole and electron Fermi surfaces [Fig. 1(b)], the
orbital characters of hole and electron Fermi surfaces
should determine the nature of observed spin excita-
tions at Q; and Q»'%?°. For example, INS experi-
ments on LiFe; ,Co,As system reveal that transverse
incommensurate spin excitations observed in supercon-
ducting LiFeAs*"4? change to commensurate spin exci-
tations for nonsuperconducting LiFeg ggCog.12As arising
mostly from the hole-electron Fermi surface nesting of the
d,, orbitals, thus suggesting that Fermi surface nesting
conditions of the d,. and d,. orbitals are important for
superconductivity®>. In the case of NaFe;_,Co,As?! 24,
ARPES measurements on uniaxial pressure detwinned
single crystals reveal the splitting of the d,. and d,, or-
bitals at temperatures below T (although in case of large
pressure, the splitting actually first takes place at tem-
peratures above T), where the bands of dominant d, ., or-
bital character shift up in I'— X direction (Q;) and bands
of dominant d ., orbital character sink below Fermi sur-
face in =Y direction (Qz) [Figure 1(c)]3132. This means
that low-energy spin excitations at wave vectors Q; and
Q> should behave differently in the low-temperature su-
perconducting state. Since bands of dominant d, . orbital
characters sink below Fermi surface below T, neutron
spin resonance associated with quasiparticle excitations
of hole-electron Fermi surfaces of the d,. orbitals at Qg
should be absent below 7., while the resonance associ-
ated with dy. and d, orbitals should appear below T at
Q: [Figs. 1(b) and 1(c)].

To test if this is indeed the case, we carried out INS
experiments on uniaxial detwinned NaFeg gg5C0g.015A8
single crystal. Compared with earlier experiments on
the same doping concentration?’, the new measurements
have much better statistics and collected uniaxial pres-
sured/pressureless data using the same experimental
setup. We find the presence of double resonance at Q;
and Qs with intensity ratio of the modes between Q1
and Qs agreeing well with the detwinning ratio obtained
using magnetic Bragg peaks at these two wave vectors.
These results therefore indicate that superconductivity
induced resonance arises from the nesting of hole-electron
Fermi surfaces with dominant d,. orbital characters.

Our neutron scattering experiment was carried out on
IN8-Thermal neutron three-axis spectrometer at Insti-
tut Laue-Langevin, Grenoble, France. We used horizon-
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FIG. 2: (a) Temperature differences of transverse scans at
the (1,0,0.5) and (0, 1,0.5) magnetic Bragg peak positions in
NaFep.085Co0.015As single crystal under uniaxial pressure of
~10 MPa. (b) Temperature dependence of the AF peak inten-
sity at Q1 = (1,0,0.5) under uniaxial pressure with vertical
dashed lines indicating 7. = 14 K, Tw = 31 K, and 75 = 40
K. (c) Neutron spin resonance modes at Qi = (1,0,0.5) and
Q2 = (0,1,0.5) are obtained by taking temperature differ-
ences of the constant-Q scans below and above T, in uniaxial
pressure partially detwinned sample. (d) Neutron spin reso-
nance modes in pressure released sample obtained using the
same sample and the same sample holder with the same spec-
trometer setup as in (c). The similar intensity of the reso-
nance at Qi and Q: indicate that the sample becomes nearly
100% twinned.

tally and vertically focused pyrolytic graphite [PG(002)]
monochromator and analyzer with fixed scattered (fi-
nal) energy Ey = 14.68 meV. The high order harmon-
ics from the PG(002) monochromator are suppressed
by an oriented PG-filter in the scattered beam. Using
structural orthorhombic unit cell with lattice parameters
a ~ b~ 55968A and ¢ ~ 6.9561A at T = 1.5 K, we
denote the momentum transfer Q = Ha* + Kb* + Lc*
as Q = (H, K, L) in reciprocal lattice units (r.l.u.) with
a* = 427 /a, b* = b2 /b and ¢* = &2 /c. In the AF or-
dered state of a completely detwinned sample with uniax-
ial pressure applied along the b-axis direction, AF Bragg
peaks occur at Q = (1,0, L) with L = 0.5,1.5,2.5. .. and
there are no magnetic peaks at (0,1, L)?2.

High-quality NaFeg 9g5C0q.015As single crystals are
prepared by self-flux method**, and we cut one large sin-
gle crystal (~300 mg) into the rectangular shape along
the [1,0,0] and [0, 1, 0] directions. The sample is mounted
inside aluminum-based sample holder with a uniaxial
pressure of P ~ 10 MPa along the b-axis direction (al-
though it is rather difficult to precisely determine the
magnitude of the actual uniaxial strain on the sample).
Similar to previous neutron works®”, we align the sam-
ple in the [1,0,0.5] x [0, 1, 0.5] scattering plane. In such
a scattering geometry, we are able to measure the static

magnetic order and excitations at both Q; = (1,0,0.5)
and Q2 = (0,1,0.5).

Figure 2(a) shows background subtracted elastic trans-
verse scans across Qi and Qy*®. By comparing the
intensities between these two positions, we estimate
that the sample has a detwinning ratio n = [I(1,0) —
1(0,1)]/[1(1,0) + I(0,1)] ~ 62.4%. Temperature depen-
dence of the magnetic order parameter measured at Qi
reveals Ty ~ 31 K and a suppression of the static AF
order below T, ~ 14 K [Fig. 2(b)]. Figure 2(c) shows
temperature difference of the energy scans at Q; and Q2
below and above T,.. Similar to the results in twinned
sample'?, two neutron spin resonance modes are found
at Fyq ~ 3.5 meV and E,5 ~ 6 meV, respectively, and a
spin gap opens below £ = 3 meV in the superconducting
state. Moreover, intensities for both resonance modes are
higher at the AF position Q; than at Q5. This is different
from our previous data obtained on PUMA*Y, which is
likely due to the improved detwinning ratio in the present
study. To further confirm that such difference is induced
by uniaxial strain, we released the uniaxial pressure and
carried out same energy scans on the same sample under
same experiment setup. Figure 2(d) shows temperature
difference of the energy scans upon releasing the uniax-
ial pressure. As expected, the sample goes back to the
twinned state, and there are no observable differences of
the both resonance modes between Q; and Q.

Since our experiments are carried out using the same
spectrometer setup on the same unaxial pressure de-
twinned and twinned (pressure released) sample with the
same sample holder, we are able to compare the effect
of uniaxial pressure on the double resonances directly.
Figure 3(a) shows the intensity sum of the double reso-
nances at Q; and Qs in partially detwinned sample and
twinned sample. We find that the resonance intensities
are identical in these two cases, thus indicating that the
intensity gain at Q; in detwinned sample comes from
the intensity loss at Qq. Figure 3(b) shows the ratio
of resonance intensities between Q; and Qs in the par-
tially detwinned sample. Since the intensity ratios for
both resonance modes agree well with the detwinning ra-
tio obtained using magnetic Bragg peaks [Fig. 2(a)], we
conclude that neutron spin resonance modes in this sys-
tem only appear at Qi in a 100% detwinned sample.

Figure 3(c) shows background subtracted temperature
dependence of the second resonance (F,2 = 6.5 meV)
measured at Q; and Q» under uniaxial pressure*®. The
intensity kink at Ty and strong increase below T, at both
wave vectors agree with previous INS results in twinned
sample'?. At temperatures well above T, Ty, and Tk,
magnetic scattering at Q1 and Q2 are identical and inde-
pendent of the applied uniaxial pressure. On cooling to
80 K (> T), we start to see higher magnetic scattering
at Qq, consistent with earlier work on other iron pnic-
tide superconductors suggesting the presence of a spin
nematic phase3®46. The intensity ratio between Q; and
Q2 at E.o = 6.5 meV is shown in Fig. 3(d). The clear
spin excitation anisotropy above Ty is likely due to the
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FIG. 3: (a) Sum of neutron spin resonance mode intensities
at Q1 and Q2 in partially detwinned and pressure released
sample separately. (b) The ratio between temperature dif-
ference of constant-Q scans (below and above T¢) at Q1 and
Q2 in partially detwinned sample. Points with large error
bars around F = 4.5 meV are not shown. The open circle la-
bels the detwinning ratio measured from the static AF order.
(¢) Temperature dependence of background subtracted spin
excitations at E,2 = 6.5 meV at Qi and Q2 in the partially
detwinned sample®®. (d) The corresponding ratio of tempera-
ture dependence of spin excitations at Fr2 = 6.5 meV between
Q1 and Qz. T, Tn and T™ > T are labeled with dashed lines
in (¢) and (d).

applied uniaxial pressure as discussed in Refs.4748. As a
function of decreasing temperature, the magnetic scatter-
ing anisotropy starts to build up below T*, saturates at
temperatures slightly below T, and shows no anomaly
across 1.

Figures 4(a) and 4(b) summarize the wave vector de-
pendence of the double resonances in the partially de-
twinned sample at Q; and Qs. The intensity ratios be-
tween Q1 and Qs at both resonance energies E,; ~ 3.75
meV and E, 2 ~ 6.5 meV are consistent with the detwin-
ning ratio at elastic position. When the uniaxial pressure
is released, we find no difference between Q; and Q2 at
the resonance energy and the sample goes back to the
twinned state [Fig. 4(c)]. Figure 4(d) compares the sum
of the resonance intensity at Q; and Qs for pressured
(solid diamonds) and pressure free case (open circles).
To within the statistics of our measurements, we find
them to be identical.

Several different theories have been proposed to un-
derstand the double resonances?®3°. In the theory of
coexisting static AF order and superconductivity?®2?,
the AF order leads to a reconstruction of the Fermi sur-
face, which gives rise to different resonance energies Fyq
and F,.o at wave vectors Q1 and Qs, respectively. In
a twinned sample, double resonances should appear at
both Q; and Qs. Since E,; is expected to be related
with the static AF order and its associated spin waves,
it should only appear at the AF ordering wave vector Q1
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FIG. 4: Temperature differences of constant energy scans at
Q: and Q2 between 1.5 K and 21 K at (a) Erp = 3.75 meV,
(b) Ere = 6.5 meV in partially detwinned sample, and (c)
Er2 = 6.5 meV in pressure released sample. (d) Comparison
of sum of the magnetic scattering at Q1 and Q2 for partially
detwinned and twinned sample.

in a detwinned sample, while F,.o associated with Fermi
surface nesting should appear at both Q; and Q2%%7.
However, the simultaneously enhancement (suppression)
of both resonance peaks at Q1 (Q2) observed in our ex-
periment for a detwinned sample appears to rule out this
theory. This is consistent with polarized inelastic neutron
scattering experiments, which reveal that low-energy spin
waves (E < 10 meV) in NaFeAs are dominated by c-axis
polarized excitations*?, while the neutron spin resonance
at 1 has both a-axis and c-axis polarized spin excita-
tion components®.

Alternatively, the double resonances may be associated
with the gap anisotropy induced by the strong orbital-
selective superconducting pairing®’. In the supercon-
ducting phase of the detwinned NaFeg 9g5Co0¢.g15As, the
splitting between the d,, and d,,. orbitals strongly mod-
ifies the Fermi surface nesting condition, as shown in
Fig. 1(c). As a consequence, the superconducting gaps
associated with different orbitals are also different, i.e.,
Ay # Ay, # Ayy. Since the Fermi surfaces have mixed
orbital character, such an orbital dependent pairing will
give rise to gap anisotropy along the Fermi surfaces. It
will also make the resonance energies very different be-
tween the intra-orbital (dy.-d,.) and inter-orbital (d,.-
dyy/z-) scatterings, although both scatterings may take
place at the same wave vector. Therefore, it is expected
that these intra- and inter-orbital scatterings with differ-
ent energy scales lead to two spin resonance peaks at Qq,
just as observed in our experiment.

In conclusion, our INS experiments on partially de-
twinned NaFe( 9g5Cog.015As shows that neutron spin res-
onance in this system only appear at the AF wave vector
Qsr = (1,0). We connect our observations with the
anisotropic band shifting below T in NaFe;_,Co,As su-



perconductors. The d,,/d,. orbital degeneration breaks
at Ty (or higher temperatures under uniaxial pressure),
and bands with dominant d,. orbital character shift up
in energy and have better nesting conditions®!32. Our
analysis agrees with such band structure change and in-
dicates neutron spin resonance in NaFeq 9s5Cog.015As re-
veals a strong orbital dependent superconducting pair-
ing enhanced by the reconstruction of the band struc-
ture below Ty, in which the scatterings associated with
the d,. orbital play a crucial role. These results sug-
gest that intra-orbital quasiparticle scattering of the d, .-
d,. orbitals are important for superconductivity, sim-
ilar to magnetic scattering of LiFe;_,Co,As family of

materials®3.

The authors gratefully acknowledge Dr. Y. Ming and
for helpful discussions. The single crystal growth and
neutron scattering work at Rice is supported by the U.S.
DOE, BES under contract no. DE-SC0012311 (P.D.). A
part of the material synthesis work at Rice is supported
by the Robert A. Welch Foundation Grant No. C-1839
(P.D.). R.Y. was supported in part by the National Sci-
ence Foundation of China Grant No. 11374361 and the
Fundamental Research Funds for the Central Universities
and the Research Funds of Renmin University of China
Grant No. 14XNLFO08.

Electronic address: pdai@rice.edu

! D. J. Scalapino, Rev. Mod. Phys. 84, 1383 (2012).

2 B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, and
J. Zaanen, Nature (London) 518, 179 (2015).

3 P. C. Dai, Rev. Mod. Phys. 87, 855 (2015).

4 F. Steglich and S. Wirth, Rep. Prog. Phys. 79, 084502
(2016).

5 J. Rossat-Mignod, L. P. Regnault, C. Vettier, P. Bourges,
P. Burlet, J. Bossy, J. Y. Henry, and G. Lapertot, Phys. C
185-189, 86 (1991).

6 M. Eschrig, Adv. Phys. 55, 47183 (2006).

7T A. D. Christianson, E. A. Goremychkin, R. Osborn, S.
Rosenkranz, M. D. Lumsden, C. D. Malliakas, I. S.
Todorov, H. Claus, D. Y. Chung, M. G. Kanatzidis, R.
I. Bewley, and T. Guidi, Nature 456, 930 (2008).

8 M. D. Lumsden, A. D. Christianson, D. Parshall, M. B.
Stone, S. E. Nagler, G. J. MacDougall, H. A. Mook, K.
Lokshin, T. Egami, D. L. Abernathy, E. A. Goremychkin,
R. Osborn, M. A. McGuire, A. S. Sefat, R. Jin, B. C. Sales,
and D. Mandrus, Phys. Rev. Lett. 102, 107005 (2009).

9 8. Chi, A. Schneidewind, J. Zhao, L. W. Harriger, L. J. Li,
Y. K. Luo, G. H. Cao, Z. A. Xu, M. Loewenhaupt, J. P.
Hu, and P. C. Dai, Phys. Rev. Lett. 102, 107006 (2009).

10D, S. Inosov, J. T. Park, P. Bourges, D. L. Sun, Y. Sidis, A.
Schneidewind, K. Hradil, D. Haug, C. T. Lin, B. Keimer,
and V. Hinkov, Nat. Phys. 6, 178 (2010).

' C. L. Zhang et al., Phys. Rev. B 88, 064504 (2013).

12 C. Zhang, R. Yu, Y. Su, Y. Song, M. Wang, G. Tan, T.
Egami, J. A. Fernandez-Beca, E. Faulhaber, Q. Si, and P.
C. Dai, Phys. Rev. Lett. 111, 207002 (2013).

13 Q. Zhang, W. C. Lv, G. T. Tan, Y. Song, S. V. Carr, S.
Chi, M. Matsuda, A. D. Christianson, J. A. Fernandez-
Baca, L. W. Harriger, and P. C. Dai, Phys. Rev. B 93,
174522 (2016)

1. Stock, C. Broholm, J. Hudis, H. J. Kang, and C. Petro-
vic, Phys. Rev. Lett. 100, 087001 (2008).

159 Raymond and G. Lapertot, Phys. Rev. Lett. 115,
037001 (2015).

16y, Song, J. Van Dyke, I. K. Lum, B. D. White, S. Jang,
D. Yazici, L. Shu, A. Schneidewind, P. Cermak, Y. Qiu,
M. B. Maple, D. K. Morr, and P. C. Dai, Nat. Comm. 10,
12774 (2016).

7' D. S. Inosov, J. T. Park, A. Charnukha, Y. Li, A. V. Boris,
B. Keimer, and V. Hinkov, Phys. Rev. B 83, 214520 (2011).

¥ G.Yu, Y. Li, E. M. Motoyama, and M. Greven, Nat. Phys.

5, 873 (2009).

19 P, J. Hirschfeld, M. M. Korshunov, I. I. Mazin, Rep. Prog.
Phys. 74, 124508 (2011).

20 A. Chubukov, Ann. Rev. Condens. Matter Phys. 3, 57
(2012).

21 D. R. Parker, M. J. P. Smith, T. Lancaster, A. J. Steele,
I. Franke, P. J. Baker, F. L. Pratt, M. J. Pitcher, S. J.
Blundell, and S. J. Clarke, Phys. Rev. Lett. 104, 057007
(2010).

22 §. Li, C. Cruz, Q. Huang, G. Chen, T. Xia, J. Luo, N.
Wang, and P. C. Dai, Phys. Rev. B 80, 020504(R) (2009).

23 @. Tan, P. Zheng, X. Wang, Y. Chen, X. Zhang, J. Luo, T.
Netherton, Y. Song, P. C. Dai, C. Zhang, and S. Li, Phys.
Rev. B 87, 144512 (2013).

24 @G. Tan, Y. Song, C. L. Zhang, L. Lin, Z. Xu, T. Hou, W.
Tian, H. Cao, S. L. Li, S. Feng, and P. C. Dai, Phys. Rev.
B 94, 014509 (2016).

25 P. Cai, X. D. Zhou, W. Ruan, A. F. Wang, X. H. Chen, D.
H. Lee, and Y. Y. Wang, Nat. Commun. 4, 1596 (2013).
26.3. Oh, A. M. Mounce, J. A. Lee, W. P. Halperin, C. L.
Zhang, S. Carr, P. C. Dai, A. P. Reyes, and P. L. Kuhn,

Phys. Rev. B 88, 134518 (2013).

2T L. Ma, J. Dai, P. S. Wang, X. R. Lu, Y. Song, C. L. Zhang,

G. T. Tan, P. C. Dai, D. Hu, S. L. Li, B. Normand, and

W. Q. Yu, Phys. Rev. B 90, 144502 (2014).

J. Knolle, I. Eremin, J. Schmalian, and R. Moessner, Phys.

Rev. B 84, 180510(R) (2011).

29 W. C. Lv, A. Moreo, and E. Dagotto, Phys. Rev. B 89,
104510 (2014).

30 R. Yu, J. X. Zhu, and Q. Si, Phys. Rev. B 89, 024509
(2014).

31'Y. Zhang, C. He, Z. R. Ye, J. Jiang, F. Chen, M. Xu, Q.
Q. Ge, B. P. Xie, J. Wei, M. Aeschlimann, X. Y. Cui, M.
Shi, J. P. Hu, and D. L. Feng, Phys. Rev. B 85, 085121
(2012).

32 M. Yi, D. H. Lu, R. G. Moore, K. Kihou, C. H. Lee, A.
Iyo, H. Eisaki, T. Yoshida, A. Fujimori, and Z. X. Shen,
New. J. Phys 14, 073019 (2012).

33 Q. Q. Ge, Z. R. Ye, M. Xu, Y. Zhang, J. Jiang, B. P. Xie,
Y. Song, C. L. Zhang, P. C. Dai, and D. L. Feng, Phys.
Rev. X 3, 011020 (2013).

34 7. Liu, P. Richard, K. Nakayama, G. Cheng, S. Dong,
J. He, D. Wang, T. Xia, K. Umezawa, T. Kawahara, S.
Souma, T. Sato, T. Takahashi, T. Qian, Y. Huang, N. Xu,
Y. Shi, H. Ding, and S. Wang, Phys. Rev. B 84, 064519

28



36

37

38

39

40

41

42

43

(2011).

S. Thirupathaiah, D. V. Evtushinsky, J. Maletz, V.
Zabolotnyy, A. Kordyuk, T. Kim, S. Wurmehl, M. Roslova,
1. Morozov, B. Biichner, and S. V. Borisenko, Phys. Rev.
B 86, 214508 (2012).

C. Dhital, Z. Yamani, W. Tian, J. Zeretsky, A. S. Sefat,
Z. Wang, R. J. Birgeneau, and S. D. Wilson, Phys. Rev.
Lett. 108, 087001 (2012).

C. Dhital, T. Hogan, Z. Yamani, R. J. Birgeneau, W. Tian,
M. Matsuda, A. S. Sefat, Z. Wang, and S. D. Wilson, Phys.
Rev. B 89, 214404 (2014).

Y. Song, S. V. Carr, X. Y. Lu, C. L. Zhang, Z. C. Sims,
N. F. Luttrell, S. X. Chi, Y. Zhao, J. W. Lynn, and P. C.
Dai, Phys. Rev. B 87, 184511 (2013).

X. Y. Lu, J. T. Park, R. Zhang, H. Q. Luo, A. H. Nev-
idomskyy, Q. Si, and P. C. Dai, Science 345, 657 (2014).

Chenglin Zhang, J. T. Park, Xingye Lu, Rong Yu, Yu Li,
Wenliang Zhang, Yang Zhao, J. W. Lynn, Q. Si, and P. C.
Dai, Phys. Rev. B. 91, 104520 (2015).

N. Qureshi, P. Steffens, Y. Drees, A. C. Komarek, D. Lam-
ago, Y. Sidis, L. Harnagea, H.-J. Grafe, S. Wurmehl, B.
Buchner, and M. Braden, Phys. Rev. Lett. 108, 117001
(2012).

M. Wang, M. Y. Wang, H. Miao, S. V. Carr, D. L. Aber-
nathy, M. B. Stone, X. C. Wang, L. Y. Xing, C. Q. Jin,
X. T. Zhang, J. P. Hu, T. Xiang, H. Ding, and P. C. Dai,
Phys. Rev. B 86, 144511 (2012).

Yu Li, Zhiping Yin, Xiancheng Wang, David W. Tam,

46

47

48

49

50

D. L. Abernathy, A. Podlesnyak, Chenglin Zhang, Meng
Wang, Lingyi Xing, C. Q. Jin, K. Haule, G. Kotliar, T. A.
Maier, and P. C. Dai, Phys. Rev. Lett. 116, 247001 (2016).
M. A. Tanatar, N. Spyrison, K. Cho, E. C. Blomberg, G.
Tan, P. C. Dai, C. Zhang, and R. Prozorov, Phys. Rev. B
85, 014510 (2012).

The supplementary information contains raw data for var-
ious energy and wave vector scans.

Yu Song, Xingye Lu, D. L. Abernathy, David W. Tam, J.
L. Niedziela, Wei Tian, Huiqgian Luo, Q. Si, and P. C. Dai,
Phys. Rev. B 92, 180504(R) (2015).

Haoran Man, Xingye Lu, Justin S. Chen, Rui Zhang, Wen-
liang Zhang, Huigian Luo, J. Kulda, A. Ivanov, T. Keller,
Emilia Morosan, Qimiao Si, and P. C. Dai, Phys. Rev. B
92, 134521 (2015).

Xingye Lu, Kuo-Feng Tseng, T. Keller, Wenliang Zhang,
Ding Hu, Yu Song, Haoran Man, J. T. Park, Huiqian Luo,
Shiliang Li, Andriy H. Nevidomskyy, and P. C. Dai, Phys.
Rev. B 93, 134519 (2016).

Yu Song, Louis-Pierre Regnault, Chenglin Zhang, Guotai
Tan, Scott V. Carr, Songxue Chi, A. D. Christianson, Tao
Xiang, and P. C. Dai, Phys. Rev. B 88, 134512 (2013).
Chenglin Zhang, Yu Song, L.-P. Regnault, Yixi Su, M.
Enderle, J. Kulda, Guotai Tan, Zachary C. Sims, Takeshi
Egami, Qimiao Si, and P. C. Dai, Phys. Rev. B 90,
140502(R) (2014).



