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In iron-based superconductors, the (0, 7) or (7, 0) nematicity, which describes an electronic anisotropy with a four-
fold symmetry breaking, is well established and believed to be important for understanding the superconducting
mechanism. However, how exactly such a nematic order observed in the normal state can be related to the
superconducting pairing is still elusive. Here, by performing angular-dependent in-plane magnetoresistivity using
ultra-thin flakes in the steep superconducting transition region, we unveil a nematic superconducting order along
the (, ) direction in electron-doped BaFes_;NizAss from under-doped to heavily overdoped regimes with « =
0.065-0.18. It shows superconducting gap maxima along the (, 7) direction rotated by 45° from the nematicity
along (0,7) or (m,0) direction observed in the normal state. A similar (,7)-type nematicity is also observed
in the under-doped and optimally doped hole-type Ba;_,K,FezAsy, with y = 0.2-0.5. These results suggest
that the (m, 7) nematic superconducting order is a universal feature that needs to be taken into account in the
superconducting pairing mechanism in iron-based superconductors.

DOT: 10.1088,/0256-307X/38/9/097401

The high-temperature superconductivity in iron-
based superconductors emerges from doping the par-
ent compounds by either electrons or holes. In the typ-
ical 122-type iron-pnictides, their parent and under-
doped samples undergo a structural transition from
tetragonal to orthorhombic phases at the temper-
ature Ty, followed by a magnetic ordering transi-
tion from paramagnetic to stripe antiferromagnetic
(AFM) phases at Tn.!'~'°l The structural transition
breaks the four-fold (Cy) symmetry into a two-fold

(C3) one.l'=9 Intriguingly, despite the small dif-
ference of the lattice constants in order of ~0.1%
in the orthorhombic phase,'®=19 the antiferromag-
netic order also exhibits a similar Cjy-symmetry
breaking, with moments ordered antiferromagneti-
cally and ferromagnetically along the a and b axes
(Fe-Fe bond directions), respectively, giving rise to
a stripe antiferromagnetic order with an ordering
wave vector of (m,0).'=15] Note that throughout
the paper, we use the notation with one iron per

Supported by the National Natural Science Foundation of China (Grant Nos. 61771234, 61727805, 11674157, 11674158, 11774152,
11822405, 61521001, 61571219, and 61501222), the National Key Projects for Research and Development of China (Grant
Nos. 2016 YFA0300401, 2017YFB0503302, 2017YFA0304002, and 2017YFB0503300), the start-up funding from ShanghaiTech Uni-
versity, Innovative Research Team in University (PCSIRT), the Natural Science Foundation of Shanghai Municipality (Grant
No. 20ZR1436100), the Science and Technology Commission of Shanghai Municipality (Grant No. YDZX20203100001438), Jiangsu
Key Laboratory of Advanced Techniques for Manipulating Electromagnetic Waves, Natural Science Foundation of Jiangsu Province
(Grant No. BK20180006), and the Fundamental Research Funds for the Central Universities (Grant No. 020414380117).

fThese authors contributed equally to this work.

*Corresponding authors. Email: slyu@nju.edu.cn; jwen@nju.edu.cn; lijun3@shanghaitech.edu.cn

(© 2021 Chinese Physical Society and IOP Publishing Ltd

097401-1


http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org

CHIN.PHYS.LETT. Vol.38, No.9(2021) 097401

Express Letter

unit cell.  Electrical transport measurements fur-
ther showed that the resistivity was larger along
the slightly longer b-axis than that along the a-
axis, which could extend to well above Tj.[7:19-25]
Such an anisotropy between the a- and b-axes was
subsequently observed by various techniques includ-
ing quasi-particle-interference analysis from scanning
tunneling microscopy,'618:26-291  angular-dependent

nuclear magnetic  resonance,*°=33  anisotropic
spin excitations from neutron scattering, 3438l
band structure from angle-resolved photoemis-

sion spectroscopy,®~%3 and electronic Raman

spectroscopy,*4=8! in almost all the iron-based sys-
tems. This anisotropic state is termed “nematic”
phase, which is borrowed from a liquid-crystal phase
to describe the electronic state breaking the rota-
tional symmetry but preserving the translational
symmetry.[*9) Although the nematicity is believed
to be of electronic origin,**=%9 the driving force for
this nematic phase is still under debate, because the
coupling of orbital and spin degrees of freedom makes
it difficult to identify whether the spin or orbital fluc-
tuations take the leading role.[29:3234,39,40,44,49,54,60]
Since the spin fluctuations favor a sign-changing s-
wave superconducting statel0'=64 (s.) while the
orbital fluctuations favor a sign-preserving s-wave
statel5®! (s, ), understanding the nematic phase can
shed light on the superconducting mechanism in iron-
based superconductors.[*?57:60]  More importantly,
given the universal presence of the electronic nematic
phase and its proximity to the superconducting state,
it is considered to have a close relationship with the
superconductivity.!*>:65=67] However, since such a ne-
matic state was observed in the normal state, how it
can be correlated with the superconducting state is
still unclear.

In this respect, an important recent progress
is that a nematic order was observed in an opti-
mally doped hole-type Bag 5 Kq.5Fea Aso superconduc-
tor in the superconducting state.l%8! It showed strong
anisotropy in the in-plane magnetoresistivity on ultra-
thin single crystals, which substantially enhanced the
resistance and thus improved the sensitivity of the
measurements. %8 Similar to that in the normal state,
the nematicity is basically along the Fe—Fe bond direc-
tion (a or b-axis in the present design), which corre-
sponds to (0,7) or (m,0) in the momentum space.%"!
Since the sample was fabricated into a Corbino shape
on an ultrathin crystal, the Lorentz force would not
induce the anisotropic resistivity, and thus these re-
sults represent an intrinsic nematic superconduct-
ing state. Moreover, since both nematic phases in
the normal and superconducting states were found
in the similar concentrations, it was suggested that
the nematic superconducting state may result from
the normal-state nematic fluctuations typically sur-
viving well above T}.[?249:54] Interestingly, in the heav-
ily hole-doped RbFesAsy, whose doping concentration

is far away from the nematic phase of the normal
state in the phase diagram, a nematic superconduct-
ing state with a similar Cy-symmetry breaking but
aligned along (7, 7) (the Fe—As bond), was unveiled by
the quasi-particle-interference measurement.%! Fur-
thermore, elastoresistance measurements in the nor-
mal state on this system also revealed a (m, )
nematicity.["® The nematicity in the superconducting
state provides a promising way to bridge the nematic-
ity and superconducting pairing symmetry in iron-
based superconductors. In particular, the (m,7) ne-
maticity in superconducting states suggests that other
collective fluctuations, different from the extensively
studied stripe antiferromagnetic fluctuation, may also
paly an important role in the superconducting mech-
anism, such as the double-stripe antiferromagnetic
fluctuations"™ 7 or other incommensurate collective
fluctuations along the (7, 7) direction. What is more,
the collective fluctuations along the (m,7) direction
could affect the gap symmetry and result in some com-
plex gap structures.!™ Angle-resolved photoemission
spectroscopy measurements on KFeyAs, have shown
that the Fermi surfaces of the heavily hole-doped iron-
based superconductors only have hole pockets cen-
tered at the I' point without electron pockets at
the M point.["®=7) This is very different from the
under-doped and optimally doped samples where both
electron and hole pockets are present.l!=°! Since the
Fermi-surface topology is special in heavily hole-doped
RbFesAs,, there appears a natural question whether
such a (7, 7)-type nematic order is unique for this dop-
ing or universal in the whole doping range.

In this work, by measuring the angular de-
pendence of the in-plane magnetoresistivity in the
whole superconducting dome of the electron-doped
BaFes_.Ni As, samples using ultra-thin flakes, we
uncover a nematic superconducting order from under-
to over-doped regime. It shows a Cy symmetry with
gap maxima along the (w,7) direction, rotated by
45° from the nematicity along (0,7) or (m,0) direc-
tion as widely discussed in the normal state.!'6—8]
Moreover, we also find the (m,7)-type nematicity
in the under-doped and optimally doped hole-type
Ba;_,KyFepAsy, with y = 0.2, 0.25 and 0.5. Tak-
ing these together, we suggest that the (7, 7) nematic
superconducting order is a universal feature in iron-
based superconductors.

Methods. BaFes_,Ni,As, single crystals were
grown by the FeAs self-flux method.["®) To enhance
the resistance and hence the measurement sensitivity,
we fabricated the crystals into micro bridges [Fig. 1(c)]
with processes described as follows: Firstly, the crys-
tals were cleaved into ultra-thin slices, and attached
onto silicon substrates with epoxy [see Figs.1(a) and
1(b)]. Then, the slices were etched for a thickness
of about 10nm to obtain a clean surface, and de-
posited a gold layer with a thickness of ~100 nm using
magnetron sputtering deposition technique. Both pro-
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cesses were carried out in an in situ micro-fabrication
system (AdNaNo-Tek Ltd.) to avoid the interface
oxidation or degeneration between the crystal and
conducting films. The as-prepared slices were fur-
ther etched into micro-bridges using micro-fabrication
technique, and the sample geometry is 20um in
length, 5um in width, and < 100nm in thickness.
Lastly, electrodes parties of the sample [see Fig. 1(c)]
were connected by using silver paste, and then the
Au layer on the surface of microbridge was etched.
We note that the interface between the electrode and
crystal is as silver paste/Au/crystal, leading to an
ideal ohmic contact with contact resistance below 1
ohm. The thickness of the sample was confirmed by
an ion-beam etching method.””l Figure 1(c) shows
a typical scanning electron microscope image of the
micro-bridge, where the contacts were made along the
Fe—As directions, identified from the breaking steps
on the single-crystal slices as shown in Figs. 1(a) and
1(b). The ultra-thin samples were pasted onto the
substrate by epoxy, thus the epoxy would generate a
small stress onto the crystals due to the mismatch of
thermal expansion coefficient between the epoxy and
crystals. Such a stress was small but played the role of
detwinning the system, and allowed the Cy-symmetry
behaviors to be observed.

Fig. 1. Crystal and sample geometry. [(a), (b)] Opti-
cal image of the single-crystal slice. After cleaving, the
straight breaking steps are along the Fe-As bonds. (c)
Scanning electron microscope images for a typical ultra-
thin sample in a standard Hall-bar shape. The sample is
5 um in width, 20 pm in length, and ~ 100 nm in thickness.
During the measurements, the current was applied along
two different lattice directions (Fe-Fe or Fe—As bonds),
and for the present sample, it was along the Fe—As bonds.
(d) A schematic image of the Fe-plane and the rotating
angle of the magnetic fields.

The in-plane resistivity measurements were car-
ried out in a physical properties measurement sys-
tem (PPMS, Quantum Design). For each tempera-
ture, we waited for one hour for the samples to reach
thermal equilibrium. Variation of the temperature
due to sample rotation was verified to be less than

0.008 K. The potential misalignment of the magnetic
field against the ab-plane was estimated to be less than
1°. For the angular-dependent resistivity measure-
ments, the magnetic field was rotated about the c-axis
with an angle 6 as shown in the schematic image in
Fig. 1(d). In all samples, the resistivity along two Fe—
Fe chains were not equivalent, even for the tetragonal-
structured samples, possibly due to the small strain
introduced during the sample processing as discussed
above. Therefore, the one along which the resistivity
was smaller was defined as the a-axis.

The pulsed high magnetic fields experiments were
performed in Wuhan National High Magnetic Field
Center. The micro-bridge samples were rotated along
the c-axis, and the magnetic field up to 50T was ap-
plied within the ab-plane. The period for each field
pulse is less than 10ms, and the magnetoresistivity
curves showed no hysteresis for the increasing and de-
creasing field processes, indicating the absence of ther-
mal effects.

Results—Sample Characterizations. Figure 2
shows the temperature dependence of the in-plane re-
sistivity of BaFes_,.Ni,Asy with x = 0.065, 0.075,
0.092, 0.10, 0.12, and 0.18, for which the correspond-
ing superconducting transition temperatures are T, =
11.48, 14.41, 18.78, 19.68, 17.61, and 5.88 K, respec-
tively, consistent with the previous results.!76:78:7]
The superconducting transition exhibits a sharp drop
from the normal state, indicating the high quality of
the single crystals, especially for the samples around
the optimal-doped range with x = 0.092, 0.10, and
0.12, whose transition width is less than 0.5 K. For the
under-doped cases with x = 0.065 and 0.075, the re-
sistivity develops an obvious low-temperature upturn,
associated with the development of the antiferromag-
netic order.[78:7]

1.0F i
0 z =0.065

b
8
& 0.5
~
QL
0.5
£
i=3
R
QL
~~
QU
0.0 ‘O‘Ch‘ 20 : l)"‘D\ \ 0 005 ) 5, 10
0 100 200 3000 100 200 3000 100 200 300
T (K) T (K) T (K)

Fig. 2. Temperature dependence of the in-plane resis-
tivity p/psook of BaFea_;NigzAso with z = 0.065, 0.075,
0.092, 0.10, 0.12, and 0.18. Inset shows the superconduct-
ing transition region.
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With these high-quality single crystals covering
from underdoping to overdoping, we can character-
ize the intrinsic transport properties of the supercon-
ductors in the whole superconducting dome. Here,
in Fig. 3 we take the optimally doped BaFes_,Ni, Asy
with £ = 0.1 as an example to illustrate the physical
quantities measured and some definitions used in the
following. Firstly, we measured the in-plane magne-
toresistivity by rotating the ab-plane about the c-axis
in a fixed magnetic field parallel to the ab-plane and
at a fixed temperature. Figure 3(a) shows two typical
curves for the angular-dependent normalized magne-
toresistivity p/pn at T = 18 and 19K. Here, p, cor-
responds to the normal-state resistivity just above 7.
The resistivity shows a clear two-fold oscillation with
0, but not the Cy symmetry expected for the super-
conducting state. Since both temperatures are located
at the superconducting transition region, the angular-
dependent magnetoresistivity should be related to the
superconductivity. However, the magnetoresistivity
may have a complicated origin, such as the thermally
activated vortex creep and flux flow. Therefore, we
further studied directly the superconducting proper-
ties such as the angular-dependent T, and upper crit-
ical fields (Hez).

Figure 3(b) shows the temperature-dependent re-
sistivity at the steep superconducting transition re-
gion under a magnetic field B of 9T applied at dif-
ferent angles of 0, 45°, 90° and 135°. The p/p,—T
curves are considerably different with respect to the
field direction, indicating that the superconductivity
suppression effect of magnetic field depends on field
direction. Thus, by applying external magnetic fields
along different directions within the ab-plane, we can
obtain the angular-dependent superconducting tran-
sition temperature T¢. as defined in Fig. 3(b).

We also studied the angular-dependent H.o, which
is directly related to the superconducting gap. As
demonstrated in Refs. [80-83], the anisotropic Hco is
an effective probe of the superconducting gap symme-
try. Figure 3(c) gives the magnetoresistivity with re-
spect to magnetic field applied in different directions.
The Hco as defined in Fig. 3(c) is dramatically differ-
ent once applying field in different angles, being an
angular-dependent H.o as that of T.

We would like to emphasize that the central supe-
rior of the present investigation is to measure micro-
scaled devices, and study the transport properties at
the steep superconducting transition region. The de-
sign of micro-scaled devices can dramatically enhance
the measurement signal, especially for exploring the
anisotropic transport properties under external mag-
netic fields. As shown in Fig. 1(c), the samples have a
thickness below 100 nm and width of 5 pm, by which
we can enhance the resistance up to tens and hundreds
of ohms to promote the sensitivity of the measure-
ments significantly. Also, the electrodes connecting
to the microbridge part is superconducting crystal,

but not contacting metal onto the measured crystal
directly. Therefore, thermal effects from the contact
resistance in traditional samples can be basically elim-
inated. In the narrow superconducting transition re-
gion, the slope of the p—T curve is quite large. There-
fore, in this region, any anisotropic behaviors with
respect to the field angle can be detected sensitively.

Lo ‘ ‘ 1.0
(a) LOr(b)
T=19K 0.81
B:QT/ \
g = 0.6 05 =
Sos B=9T| & \ £
< = / \ Q
0.4+ — 4
T=18K 7
0.2 —6=0" oo
— ——0=45°
0.0 0.0
0 90 180 270 360 17 18 19 20
6 (deg) T (K)
Lo —
(© o2 0.4
0.8}
= 0.6f 0.2
< &
< 0.4f — Ry
<
0ol T=185K 190
i — =45
0.0 L T 0=185T g,
2 4 6 8
B (T)

Fig. 3. Anisotropic transport property measurements on
BaFe; 9Nig.1Asy at the steep superconducting transition
region. (a) Angular dependence of the normalized in-plane
magnetoresistivity at two typical temperatures of 18 and
19 K. The magnetic field was fixed at 9T, and rotated
about the c-axis with an angle 6 as shown in the schematic
image in Fig. 1(d). The pn corresponds to the normal state
resistivity just above the T¢. (b) Temperature dependence
of the normalized resistivity under magnetic field of 9T
along typical angles of 0 and 45°. The T. is defined as
the temperature at the peak of the Ap/pn. (c) The mag-
netoresistivity p/pn as a function of magnetic field, where
the field was applied in two typical angles of 45° and 135°.
The magnetic field at the peak of the Ap/py is defined as
the upper critical field Hco.

Angular-Dependent Magnetoresistivity. Based on
the method described in Fig. 3(a), the angular depen-
dence of magnetoresistivity in BaFey ,Ni,Asy were
studied in details within the whole superconducting
range with doping levels of x = 0.065, 0.075, 0.092,
0.10, 0.12, and 0.18. These results, normalized to the
normal-state resistivity p,, are shown in Fig.4. As
shown in Figs. 4(g)—4(1), near offset of T¢, one can ob-
serve clear oscillations of the magnetoresistivity with 6
for all the samples. Such oscillation appears at the on-
set of T¢., becomes more prominent as the temperature
is lowered around the middle of transition, and gets
weaker again toward the offset of T, as the resistivity is
getting close to zero. Despite some subtle differences
of the patterns for different doping levels, a remark-
able common feature of these results is that the mag-
netoresistivity exhibits a major Cy symmetry, and the
maximum and minimum located around 135° (315°)
and 45° (225°) directions, respectively. It should be
emphasized that the magnetoresistivity results in the
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normal state are observed as an angular-independent
behavior for all samples.

Such a C3 symmetry is most prominent in the
heavily overdoped sample with =z = 0.18, as shown
in Figs.4(f) and 4(1). Since this sample does not
undergo a structural transition, the Cy symmetry
breaking should be of electronic origin. Similar elec-
tronic nematicity with a C; symmetry breaking has
been observed in the normal state in the under-
doped and optimally doped samples of Fe-pnictide
superconductors.['6=48 However, the normal-state ne-
maticity is along the Fe-Fe direction,['=*%! or (x,0)

d) z=0.10
2 oxldZ

in the reciprocal space, while the ordering direction
found in the superconducting state in the present work
is along the Fe-As direction, or (m,7). Hereafter,
we term this Cy symmetry as (m, 7)-type nematicity,
where the anisotropic factor is up to —16% to 15% for
the minima and maxima of the magnetoresistivity, re-
spectively. Such anisotropic factors are dramatically
larger than those induced by the structural distortion
in the under-doped samples, which is normally around
0.1% between the a and b axes,'5~18] but in the same
order of magnitude as that induced by the (0,7)/(w,0)
nematicity in the normal state.[16-48]

20Kée) r=012 _ () z=018

N/ 7 2\, fiA] FA
.,/' \ 7 : \—/ \\-—/ \‘ \ 0.0l i i L
70 90 180 270 360 0 90 180 270 360 O 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
6 (deg) 6 (deg) 6 (deg) 6 (deg) 6 (deg) 6 (deg)

Fig. 4. (a)—(f) Angular dependence of the normalized magnetoresistivity for under- to over-doped BaFes_;Niz Asa
with = 0.065, 0.075, 0.092, 0.10, 0.12, and 0.18, measured at a series of temperatures ranging from the offset
to the onset of T¢. (g)—(1) The enlarged view of the results at temperatures in the vicinity of offset-T.. Here, the

magnetic field was fixed at 9T

As the doping level is decreased, the maximum
(minimum) deviates from 135° (45°) in the samples
with £ = 0.12, 0.10 and 0.092, and the pattern be-
comes more complicated in the under-doped samples
with = 0.075 and 0.065. For the under-doped sam-
ple with x = 0.065, the minima of the angular de-
pendence of the in-plane magnetoresistivity shown in
Fig.4(a) are at 6 ~ 23° and 208°, which are shifted
from both the Fe-As (45° and 225°) and Fe-Fe (0 and
180°) directions. We believe that this shift is due to
the superposition of the (m,7) and (m,0) anisotropy,
the latter of which is expected to be strong in the
under-doped samples.['6=8] Indeed, in the samples
with z = 0.092, 0.10, and 0.12, although the (m,0)
anisotropy is still present, its effect is weakened with
doping. Eventually, when the doping increases to
x = 0.18 [see Figs. 4(f) and 4(1)], this effect disappears,
and the system exhibits a pure (7, 7) anisotropy with
the maximum and minimum of the in-plane magne-
toresistivity at 8 = 45° and 135°, respectively.

As for x = 0.075, although the in-plane magnetore-
sistivity follows the Cy symmetry near the onset-Tt,
a more complex pattern is observed near the offset-T
[Figs. 4(b) and 4(h)]. In particular, while the max-
ima show a Cy-symmetric pattern, the minima ap-
pear to have a Cy symmetry. However, by comparing
the magnitudes of the minima, the Cs-symmetric pat-

tern is still preserved. Moreover, the Ca-symmetric
magnetoresistivity near the offset-T, exhibits max-
ima around 90° and 270°, instead of around 45° and
225° as observed in other doping levels. One of the
possible origins of this complex pattern at low tem-
peratures is the quantum critical fluctuations associ-
ated with the nematic quantum critical point in this
system. [31,35:41,45]

Anisotropic  Superconductivity. Although the
anisotropic magnetoresistivity discussed above can re-
flect the anisotropic superconducting properties, the
interpretation may be complicated by the normal-
state transport and vortex. As T, is related to the
superconducting gap directly, we studied the angular
dependence of T; for all the samples. To obtain the
T.(0), we measured R—T curves in details by applying
fields along different directions. The results are plot-
ted as polar images shown in Figs.5(a)-5(f), where
the polar angle and radius represent the field direction
and temperature, respectively. The white region illus-
trates 1/2 of the normal-state resistivity, which can
basically tell the direction and extent of the supercon-
ducting anisotropy. The patterns of the white region
are elliptical shapes for the samples [see Figs.5(a)—
5(f)], indicating a major Cy symmetry similar to the
angular-dependent magnetoresistivity results shown.
For the under-doped samples (x = 0.075), however,

097401-5


http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol.38, No.9(2021) 097401

Express Letter

an diamond-like shape pattern can be observed in
Fig.5(b), which corresponds to a weak Cy symmetry,
consistent with the magnetoresistivity data.

From the temperature dependence of the magne-
toresistivity, we can extract the T, as illustrated in
Fig.3(b). In Figs.5(g)-5(1), we plot T.(f) obtained
from measurements at different angles for all the sam-
ples. For comparison purpose, we normalized T, by
Te-max- Here, Te-ax correspond to the maximum 7t.
The Te/Te-max(0) curves of all samples reveal a Cy
symmetry, while the occurrence of maximum and min-

5° 19

T/ Te-max

Fig. 5.

imum are at slightly different angles, but close to 45°
and 135°, respectively, consistent with the angular-
dependent magnetoresistivity. For the heavily over-
doped sample with z = 0.18, the maximum (mini-
mum) of the T, /Tc-max is along the 45° (135°) direc-
tion, indicating a pure (m,7) nematicity. Since Tt is
directly related to the superconducting gap, this ne-
maticity should represent a nematic superconducting
order, which is universally present in the whole super-
conducting dome but most prominent in the strongly
under- and over-doped regimes.

(e) z=0.12 (f) z=0.18
90° 90°
135 ] 135 45° 3] 135 N5 p/p,
. 2, A\ 10
=) o .
0°141% * 0° 1 g' ’ 0
oo
225° 315° 22?\__ 315°
270° :
(k) 90° O] 90°
1.0y 135 45° 07 135¢ 45
0.9
0.81¢
0°0.9/% 018 0°
%
225 315° 225 315
270° 270

(a)—(f) Polar images of temperature dependent resistivity for BaFeo_;NizAsy (z = 0.065-0.18) under

magnetic fields along different directions. Here, the color bar represents p/pn, and the magnetic field is fixed at 9 T.
(g)—(1) Angular dependence of the normalized T¢/Tc-max. The T¢ is estimated as the definition shown in Fig. 3(b),
and Te-max is the maximum value. All curves demonstrate an obvious C2 symmetry, while the under-doped sample

with x = 0.075 demonstrates Cy symmetry.
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Fig. 6. (a)—(f) Magnetoresistivity p/pn of BaFea_;NizAss (z = 0.065-0.18) as a function of magnetic field, where
the field was applied in four typical angles of 0, 45°, 90° and 135°. (g)—(1) Angular dependence of the normalized
in-plane upper critical fields Hc/Hc-max(0), which is estimated as shown in Fig. 3(c).

Considering that the possible anisotropy of the
pinning potential may affect the symmetry of the in-
plane magnetoresistivity, we also measured the upper
critical field H¢a to confirm that the (7, 7) nematicity
is an intrinsic property reflecting the nematic super-
conducting order, since the Hs is proportional to the
superconducting gap magnitude.[$283 In Fig. 6(a)-
6(f), we plot the magnetoresistivity p/p, as a func-
tion of magnetic field for all the samples with fields
applied at four typical angles of 0, 45°, 90° and 135°.
Obviously, the H¢ as defined in Fig.3(c) demon-
strates angular-dependent behavior. Figures 6(g)—

6(1) show the angular dependence of the normalized
H.o/Hco-max(0) for all the samples. Here, Hco-max
represents the maximum Heo. All Heo/Hco-max(6)
curves exhibit a Cy symmetrical profile, with the max-
imum and minimum along 45° and 135°, respectively.
The anisotropic Heo/Hco-max(#) shares the similar be-
havior as the Tt /T,-max(0) results.

To compare with the above results under relatively
low magnetic fields, we also applied pulsed high mag-
netic fields up to 50T. Figures 7(a)-7(c) shows the
p/pn—B curves under high magnetic fields with angles
ranging from 0 to 180°. The superconducting tran-
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sition temperature is suppressed by about 4K. We
would like to note that all p/p,—B curves demonstrate
a clear and sharp superconducting transition, and
particularly the voltage signal is unexpectedly more
stable than the previous measurements on the bulk
crystals.[®¥ The major reason is due to the improved
sample quality and ultrathin device, which makes the
contact resistance about one or two orders of mag-

nitude less than that of the sample. The anisotropic
HEpset and HofBet [see Figs. 7(d) and 7(e)] also exhibit
a typical Cy symmetry along the (7, 7) direction, con-
sistent with the data measured under low magnetic
fields [see Fig. 6(p)]. Therefore, the (7, 7) nematic su-
perconductivity should be an intrinsic property inde-
pendent of the field strength.

LOF () [ (o)
T=16K
. —135°
3 —120°
05 .
S 105
—90°
offset —75°
He 60"
0.0 5° e ., ——180°
25 30 35 40 45 50 25 30 35 40 45 50 25 30 35 40 45 50
B (T) B (T) B (T)
- =5
5 . ; i
5 1.0) @ 90° T=16K 25101 © 90°  T=16K
) =X
= : . g 1352 45°
T
>~ >~
] ]
53 0.9 %3 0.9
T s 0° T g0 0°
295° 315° g Data 225° 315° —e— Data
270° —0— Symmetrized data 270° —0— Symmetrized data

Fig. 7. Pulsed high magnetic field measurements on the optimally doped sample BaFez_;NizAsp with = 0.10.
(a)—(c) The magnetoresistivity with respect of pulsed magnetic field up to 50 T. Here the temperature was fixed
at 16 K, 4K lower than the T, (20K). To avoid overlapping, the p/pn—B curves are separated into three indi-
vidual figures for angle regions 0—45°, 45°-135°, and 135°—180°, respectively. [(d), (e)] Angular dependence of

Ho;sct/Honsct
c

c2-max

and Hgé‘fsct/Hoffsct

c2-max

estimated from (a)—(c).

Here, the hollow symbol corresponds to the sym-

metrized data from the measured results which are given in solid symbol.

Discussion—Ruling out FEztrinsic Effects.  As
demonstrated above, we have found that the mag-
netoresistivity, superconducting critical temperatures,
and upper critical fields demonstrate anisotropic pro-
file along (7, ) directions with respect to applied mag-
netic fields. A natural question is whether this ne-
matic superconductivity is caused by extrinsic factors
in the experimental process. In the following, we will
show that such a possibility is very low.

First, since we focus on the transport properties
within the superconducting transition region, the vor-
tex motion may contribute to the nematicity. Con-
sidering that the field is applied within the ab-plane,
the vortex will flow along the c-axis, which should not
induce nematic superconducting behavior within the
ab-plane. Also, the anisotropic Heo should be inde-
pendent of the pinning potential. Thus, the vortex
motion can hardly contribute to the anisotropic Hs.

One may also wonder whether a symmetry-
breaking field might be brought into our samples,
which causes the nematic behaviors. Emphatically, we
have comprehensively proven in Ref. [68] that the tem-
perature oscillation, angle disorientation, and sample
geometry can be basically ruled out by additional ex-
periments. In addition, since the samples are in the

Hall-bar geometry [see Fig.1(c)], a Cs oscillation as
|sin¢| from the Lorentz force may contribute to the
asymmetrical behavior, where ¢ represents the angle
between B and I. We clarify this problem by switch-
ing current flowing directions between Fe-Fe and Fe—
As bonds. It is found that the orientation of the ne-
matic superconductivity is the same, which depends
only on the intrinsic crystal axes, not the current flow-
ing directions. Actually, our previous experiments on
the Corbino-shape samples have also indicated that
the sample geometry and Lorentz force effects can be
eliminated.[%¥] Therefore, the (7, 7)-nematic supercon-
ductivity reflects the intrinsically anisotropic nature of
the superconducting order of the sample itself.
Hole-Doping Cases. Having established the (7, 7)-
nematic superconducting order in the electron-doped
samples, in the following we discuss the nematic su-
perconductivity in the hole-doped Ba;_,K,FeaAsy
(y = 0.2, 0.25, and 0.5). The results of T.(0) are
shown in Fig.8. As we have studied before, the opti-
mally doped sample with y =0.5 displays a Cy sym-
metry, but the maximum and minimum are basically
along the Fe-Fe bond, or (0,7)/(w,0) direction, be-
ing about 45° rotated from those of electron-doped
BaFes_,Niy Asy samples.[%®] We also note that such
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anisotropy is not aligned strictly along the (0, 7)/(r, 0)
direction, but another weak anisotropy contributes as
well, indicating the contribution of (7, 7) nematicity.
For the under-doped samples, the nematic supercon-
ductivity mainly shows a Cy symmetry, although a
weak Cy symmetry contributes to the anisotropy as
well. Nevertheless, the major anisotropy turns to be

y=0.2 (b)

270°

270°

Fig. 8. Nematic superconductivity of hole-type Baj_,KyFezAsa, with y = 0.2,

Angular dependence of T¢/Tc-max-

T (K)

Paramagnetic tetragonal

AFM
Orthorhombic

SC & Nematic SC
1

y=0.25
90°

270°
90°

270°

along the (m, ) direction, which rotates 45° from the
optimally doped sample. Interestingly, the nematic
superconductivity of the under-doped hole-type sam-
ples is in good accordance with those of electron-type
ones. Moreover, the recent discovery of nematic super-
conductivity in heavily over-doped AFesAss; (A=Rb,
Cs) also has a (7, 7) symmetry.[6970]

y=0.5
90°

(c)

270°

() 90°
g5 10001 o 450
0.998
o 0-996, 0
315° 225 315°
270°
0.25 and 0.5. [(a)—(c), (d)—(f)]
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r=0.12 x=0.18

Fig. 9. Phase diagram of 122-type superconductors. Here, six samples of BaFes_ Niz Asg are selected ranging from
under- to over-doped cases with x = 0.065, 0.075, 0.092, 0.10, 0.12, and 0.18, which are marked by blue diamond
symbols. The hole-type Baj_,K,FeaAss results are marked as green circle symbols, and the data for the optimally
doped sample with y = 0.5 are from the previous work.[68] The nematic superconductivity of AFeyAsy is from
the scanning tunneling microscopy and elastoresistance measurements.[69:79] The yellow region demonstrates the
nematic fluctuation. A narrow light orange region reveals the nematic order for the electron-doped samples. The light
red region corresponds to the orthorhombic magnetism. The light blue and green areas exhibit to superconducting
dome with existence of the nematic superconducting state. In the bottom, the polar plots are from the angular-
dependent Tt /Tc-max data from Figs.5 and 8, which demonstrate the nematic superconducting order.

Phase Diagram with Nematic Superconducting Or-
der. So far, we have unveiled the nematic supercon-
ductivity of both electron- and hole-type supercon-
ductors, and thus a phase diagram illustrating the ne-
matic superconducting order of the 122-type Fe-based

superconductors can be proposed in Fig. 9, where the
polar angular-dependent T¢/Te-max for all the sam-
ples studied in this work is plotted. In the whole
superconducting dome in BaFes_ ,Ni,Asy, there is
a nematic superconducting order with a Cy symme-
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try along the (m,m) direction, obtained by measur-
ing the angular dependencies of the magnetoresistiv-
ity, T., and H.s. Such a nematic state also exists in
the under-doped and optimally doped hole-type sam-
ples Ba;_, K FesAsy, as well as the heavily hole-doped
AFesAs,,19970 although the optimally doped sample
has a dominant (0, 7)/(m,0) nematicity. These results
demonstrate unambiguously the universal presence of
a (7, 7) nematic superconducting order in the whole
superconducting dome in both the electron- and hole-
doped BaFesAs,. Such nematicity is most pronounced
in the heavily under- and over-doped regimes for both
the electron- and hole-doped cases.

This new-type nematicity is inconsistent with the
isotropic si4-wave pairing symmetry observed previ-
ously in the optimally doped samples.[":24=8] Our re-
sults cannot be explained with the d-wave pairing
either, because the magnitude of the d-wave super-
conducting gap has a four-fold symmetry.[82:83:85] Of
course, the mixing of the commonly considered s4-
wave with the rarely discussed d,,-wave gap orienting
along the (7, 7) direction can give rise to the nematic
superconducting order reported here. But since the
st-wave and d.,-wave pairings belong to different ir-
reducible representations of the Cy point group, they
cannot be naturally mixed with each other.[*9]

Possible Origin. Since the nematic superconduc-
tivity extends to the overdoped region, it is unlikely
to be driven by the tetragonal-to-orthogonal struc-
tural transition, which only exists in the under-doped
region as shown in Fig.9. Moreover, even in the
normal state, experiments find that the anisotropies
of electronic properties in the (m,0) nematic phase,
such as the dc resistivity!!”) and magnetic exchange
interactions,®9 are much larger than the anisotropy
of the lattice structures. On the other hand, the
structural distortion breaks the equivalence between
the nearest-neighbor Fe-Fe bonds, while the (m,)
nematicity breaks the equivalence between the next-
nearest-neighbor Fe-Fe bonds, which correspond to
the diagonals of the Fe-only square lattice. Therefore,
the nematic superconductivity should not be associ-
ated with a phonon-driven structural transition, but
it is more likely from an electron-driven mechanism.

For the (m,0) nematic order, there has been in-
creasing evidence showing that the nematicity is
driven by magnetic fluctuations,!*! although the or-
bital scenario is also proposed.®? In the magnetic sce-
nario, the spin susceptibility becomes different along
the (m,0) and (0,7) directions of the Brillouin zone
before the (m,0) magnetic order state develops. The
appearance of such a nematic order is normally at-
tributed to some quadrupole magnetic orders or fluc-
tuations. In the orbital scenario, the occupations of
the d,, and d,. orbits are different, which induces di-
vergent charge fluctuations breaking the equivalence
between the (m,0) and (0, 7) directions.

Recently, some theoretical studies have been re-

ported to explain the (, 7) nematicity in the heavily
hole-doped AFe;Asy (A=Rb, Cs).57=89 One of these
theories is based on the itinerant picture,®” and the
origin of the nematicity is attributed to the By, bond
order driven by the spin fluctuations in the d,, orbits,
which corresponds to the breaking of the equivalence
in the next-nearest-neighbor hoppings along the two
diagonals of the Fe-only square lattice. Moreover, in
this scenario, the transition between the (7,0) and
(m,m) nematicities is related to the Lifshitz transition
of the Fermi surface as the system goes from y = 0.0
to y = 1.0. On the other hand, a localized picture
based on an extended bilinear-biquadratic Heisenberg
model is proposed in Ref. [88], where the nematicity is
attributed to incommensurate (g, ) magnetic fluctu-
ations. In addition, a recent study®® based on first-
principles calculations also attributes the (m,7) ne-
maticity to the (g, ) magnetic states, which supports
symmetry-breaking composite order parameters that
can condense even in the paramagnetic phase, forming
the so-called vestigial phases.

Our experimental results about the (7, 7) nematic-
ity are inconsistent with the itinerant scenario, since
the nematicity exists in a large doping range from
heavy hole doping to heavy electron doping. In such a
large doping range, the structure of the Fermi surface
changes dramatically, so the (m,7) nematicity should
not exist steadily in the itinerant picture. Since the
orbital order normally has a strong dependence on the
number of electrons, the orbital-driven mechanism of
the (7, 7) nematicity also seems to be inapplicable.
Therefore, the magnetic-driving mechanism seems to
be a more natural choice to explain our results. Be-
cause the (m,0) and (m,7) nematicities coexist in a
large doping range, the two types of nematicity are ex-
pected to originate from different degrees of freedom of
the Fe 3d electrons and compete with each other. We
note that there are many experimental evidences man-
ifesting that the multi-orbital properties of iron-based
superconductors make the electrons show both itiner-
ancy and localization.!*%99=9] Thus, one possibility is
that the (m,0) and (7, 7) nematicities come from itin-
erant electrons and local moments, respectively. The
(m,0) nematicity originating from the itinerant elec-
trons has a strong doping dependence, while the (, )
nematicity originating from the localized electrons is
not sensitive to the doping concentration.

In conclusion, by performing magnetotransport
measurements on ultrathin samples, we have system-
atically studied the angular dependence of the super-
conducting properties in 122-type iron-based super-
conductors, and found a two-fold nematic supercon-
ducting order along the (m,7) direction in the whole
superconducting dome of both the electron- and hole-
doped samples. This nematic order observed in the
superconducting state is rotated by 45° from the (7, 0)
nematicity intensively discussed in the normal state.
Our results reveal that the (7, 7) nematicity is a com-
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mon feature of the iron-based superconductors, and  [28]
constitutes as an important ingredient in the super-
conducting pairing mechanism.
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