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The spin-orbit coupling (SOC) is a key to understand the magnetically driven superconductivity in iron-
based superconductors, where both local and itinerant electrons are present and the orbital angular mo-
mentum is not completely quenched. Here, we report a neutron scattering study on the bilayer compound
CaK(Feg96Nig04)4As4 with superconductivity coexisting with a non-collinear spin-vortex crystal magnetic or-
der that preserves the tetragonal symmetry of Fe-Fe plane. In the superconducting state, two spin resonance
modes with odd and even L symmetries due to the bilayer coupling are found similar to the undoped compound
CaKFe,As,4 but at lower energies. Polarization analysis reveals that the odd mode is c—axis polarized, and the
low-energy spin anisotropy can persist to the paramagnetic phase at high temperature, which closely resembles
other systems with in-plane collinear and c—axis biaxial magnetic orders. These results provide the missing
piece of the puzzle on the SOC effect in iron-pnictide superconductors, and also establish a common picture of
c—axis preferred magnetic excitations below 7. regardless of the details of magnetic pattern or lattice symmetry.

PACS numbers: 74.25.-q, 74.70.-b, 75.30.Gw, 75.40.Gb, 78.70.Nx

The iron-based superconductivity emerges from a mag-
netic Hund’s metal with strong interplay between the itiner-
ant charge carriers on the Fermi surfaces and the local spins
on Fe atoms!™. In general, the magnetic orders in iron pnic-
tide superconductors can be described by a unified function
of the spatial variation of the Fe moments m at position R:
m(R) = M;jcos(Qq-R) + M;cos(Q;-R), where My, are
two magnetic order parameters associated with two orthog-
onal wavevectors Qq [e.g., Q1 = (1,0) and Q; = (0,7) I°.
There are three confirmed magnetic patterns listed below®: (1)
the collinear stripe-type order with in-plane moments given
by M; # 0 and M, = 0, so called as stripe spin-density wave
(SSDW)78; (2) the collinear biaxial order with c—axis polar-
ized moments given by | My |=| M, |# 0 and My || M,
so called as charge-spin-density wave (CSDW)*!°; (3) the
non-collinear, coplanar order with in-plane moments given by
| My |=| M |# 0 and M; L M3, so called as spin-vortex crys-
tal (SVC) phase'"!2. While the latter two cases preserve the
tetragonal symmetry of the lattice, the presence of the first one
has to break the Cy4 rotational symmetry by a tetragonal-to-
orthorhombic structural transition, leading to an Ising-nematic
electronic phase prior to the magnetic ordering!>'4.

All the three magnetic phases are proximate to each other
in the mean-field phase diagram within the Ginzburg-Landau
framework [Fig. 1(a)], where the magnetic ground state
is determined by the signs of Landau parameters (g, w

and 77) and the form of spin-orbit coupling (SOC) in actual
materials>'3. The coupling between local spins and five 3d
Fe-orbitals is essential not only to stabilize the static magnetic
order but also to modify the dynamic spin fluctuations'®!7.
Since the spin fluctuations most likely promote the sign-
reversed superconducting pairing between the hole and elec-
tron Fermi pockets (so-called s*—pairing)'®!°, the SOC will
certainly show influence on the formation of superconduc-
tivity. Such effect can be traced in the anisotropy of the
neutron spin resonant mode around the ordered wave vec-
tor Q , which is usually interpreted as an excitonic bound
state from the renormalized spin excitations in the super-
conducting state’® 2. Interestingly, it seems that the spin
resonance in many iron pnictide superconductors is pref-
erentially polarized along ¢ axis, not only for those com-
pounds with in-plane SSDW order [e.g., BaFe,_,(Ni,Co),As,,
BaFe,(As;_P,), and NaFe,_,Co,As]*33, but also for
the underdoped (Ba,Sr);_,Na,Fe,As, with c—axis oriented
CSDW3** and the optimally doped Ba;_,K,Fe,As,**38,
This mode seems to be fully c—axis polarized in paramag-
netic FeSe®. Whether the resonant mode in iron-based super-
conductors is universally c—axis polarized needs to be finally
investigated in the compounds with coplanar SVC order.

Here in this Letter, we address the issue of spin anisotropies
in the bilayer iron-based superconductor CaK(Fe;_Ni,)sAsy
with coexisting superconductivity and SVC magnetic order.
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FIG. 1: (a) Mean-field phase diagram of the magnetic states in iron
pnictides'>. (b)(c) Phase diagram and SVC magnetic structure of
CaK(Fe,_,Ni,);As,;'". The arrow marks the doping in this study. (d)
The scattering plane and the definition of spin-polarization directions
in reciprocal space. (e) Schematic picture of the fluctuating moments
under SVC order. Assuming M, is fixed, M; is allowed to fluctuate
either transverse out-of-plane (M,) or longitudinal in-plane (M,). (f)
Magnetic order parameter at Q = (1,0, 1) and (1, 0, 3) measured by
polarized elastic neutron scattering. (g) Three components of static
moments (open) in comparison with the unpolarized results (solid).

Our unpolarized inelastic neutron scattering measurements
reveal two spin resonance modes at about 7 and 15 meV
with odd and even L symmetries, respectively. Polarization
analysis suggests that the odd mode is highly anisotropic,
manifested by a strong c—axis component and two weakly
anisotropic in-plane components (M, > M, > M,). The
c—axis preferred spin excitations already show up in the SVC
phase and even continue to the paramagnetic phase until the
spin anisotropy finally disappears at about 7 = 100 K, which
probably is a consequence from the SOC associated with the
spontaneously broken electronic symmetries in SVC and its
vestigial states. These results suggest a common feature of
c—axis preferred spin excitations below 7' regardless of their
magnetic patterns or lattice symmetries in iron pnictide super-
conductors.

The CaK(Fe;_Ni,)sAs4 system belongs to 1144-type iron-
based superconductor, where the stoichiometric compound
CaKFe,Asy already shows a superconductivity below 7, = 35
K without any magnetic order***!. The Ni doping will sup-
press the superconducting transition and induce a SVC order
when x > 0.02 [Fig. 1(b)]'"2. Its lattice retains the tetrag-

onal symmetry against the chemical doping and temperature,
but the translational symmetry along c¢ axis is broken due to
the two inequivalent As sites below and above the Fe-Fe plane
[Fig. 1(c)]***. As the moments My, are mutually perpen-
dicular to preserve the tetragonal lattice symmetry, the con-
tinuous rotational symmetry is broken from O(3) to O(2) for
the magnetism [Fig. 1(e)]. Thus a unique SOC is theoreti-
cally proposed in the form of a vector chiral order parame-
ter ¢ = 2w(M; X My), giving a vestigial phase called spin-
vorticity density wave (SVDW)>!>164 In our previous neu-
tron scattering measurements on CaKFesAsy, it is found that
the spin resonance splits into two nondegenerate modes with
odd or even L modulations induced by the broken translational
symmetry along ¢ axis®’, and the low-energy odd modes are
indeed c-axis polarized*®. Here, we focus on the Ni doped
compound CaK(Fe(9sNig04)sAss with coexisting supercon-
ductivity (7, = 20.1 £ 0.9 K) and SVC order (Ty = 48.1 2.1
K)*7. The crystals were grown by self-flux method with less
than 5% inhomogeneity of Ni doping, and co-aligned on the
scattering plane [H, 0,0]x[0, 0, L] by hydrogen-free glue*>*".
The magnetic unit cell (ay = by = 5.398 A, c = 12.616
A) was used to define the wave vector Q at (qx» gy, q2) by
(H,K,L) = (gcam/2m,qby/2m, q.c/2m) in reciprocal lattice
units (r.1.u.)®. Unpolarized neutron scattering experiments
were carried out using the Taipan spectrometer at ACNS,
ANSTO, Australia, and polarized neutron scattering experi-
ments were performed at the CEA-CRG IN22 spectrometer
in ILL, Grenoble, France, using the CryoPAD system and
Heusler monochromator/analyzer®*. The neutron-polarization
directions were defined as x, y, z, with x parallel to the mo-
mentum transfer Q, and y and z perpendicular to Q [Fig.
1(d)]. We focused on the spin-flip (SF) channels both be-
fore and after the sample given by three cross-sections: oF,
o3, and 0¥, which is only sensitive to the magnetic exci-
tations/moments that are perpendicular to Q*¢-3%. The mea-
sured intensity is related to the magnetic form factor F(Q)
(or structural factor fy;(Q)) and orientation of ordered mo-
ments, it can be also affected by the instrument resolution and
higher-harmonic scattering from the monochromator*”6366,
After considering the geometries of lattice and polarization at
two unparallel but equivalent wavevectors, we can separate all
three magnetic excitation components: M,, M, and M, along
the lattice axes ay, by, and c, respectively23’29’32’38’46’47. The
background from the leakage of the non-spin-flipping channel
and the incoherent scattering can be also estimated*®*”.

We first present the elastic neutron scattering results to con-
firm the SVC order. The SVC phase is antiferromagnetically
ordered along c—axis with magnetic peaks at Q0 = (1,0,L)
(L=0,=%1,+2,+3, +4...), where the peaks at odd Ls are much
stronger than those at even Ls'2. Fig.1(f) shows the temper-
ature dependence of magnetic peak intensity (magnetic order
parameter) at Q = (1,0, 1) and (1, 0, 3) for all three SF chan-
nels. The magnetic peak intensities concentrate in o>F and
oSF channels, leaving a nearly flat background in o5F, where
the competition between the magnetism and superconductiv-
ity suppresses the intensity below 7. = 20.1 K. We have esti-
mated all the three components of the static moments M,, M,
and M, as shown in Fig. 1(g). Only the in-plane component
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FIG. 2: Unpolarized neutron scattering results on the low-energy
spin excitations in CaK(Fe(gsNigo4)sAss. (a) The odd and even
spin resonant modes at Q = (1,0, 3) and (1, O, 2), respectively. (b)
L—modulations of two spin resonant modes at £ = 7, 15 and 17 meV.
(c) Temperature dependence of the spin resonant intensity at £ = 7
and 17 meV. (d) Partially gapped spin excitations at Q = (1,0, 3) in
comparison with those at Q =(1, 0, 2). (e) L—modulations of the
spin gap at E = 4 meV. (f) Temperature dependence of the intensity
at E =3 meV and Q = (1,0, 3). All solid lines are guides to the eyes.

M, has non-zero value and shows same temperature depen-
dence as unpolarized results. Therefore, the ordered moments
indeed lay within the ab plane where the moments M; are
antiferromagnetic along Q; = (x,0), consistent to the geom-
etry of coplanar SVC order. The other ordered wavevector
Q2 = (0, ) of M, cannot be reached in this scattering plane.
The inelastic neutron scattering results with unpolarized
beam are presented in Fig. 2. After subtracting the inten-
sities in normal state (25 K) from the low temperature data
in superconducting state (2 K), two spin resonant modes at
Q = (1,0,3) and (1, 0, 2) are immediately observable. While
the mode at L = 3 is centering around 7 meV, the mode at
L = 2 is around 15 meV, and both of them are broad in en-
ergy distribution [Fig. 2(a)]. The L—modulation of each mode
follows odd symmetry ~| F(Q) |2 sinz(an) or even sym-
metry ~| F(Q) |2 cos2(zzL) respecting to the reduced dis-
tance zc = 5.849 A (z ~ 0.464) within the Fe-As bilayer
unit [Fig. 2(b)]. Such results are attribute to the nondegen-
erate spin excitations induced by the bilayer magnetic cou-
pling, which are previously observed in the undoped com-
pound CaKFe As;*. By tracking the temperature depen-
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FIG. 3: Polarization analysis on the low-energy spin excitations in
CaK(Fe96Nipo4)4As4. (a) - (c) Energy dependence of M,, M,, and
M, at T = 1.5, 25 and 55 K deduced from three SF cross-sections:
o-SF o, and oPF. (d) Temperature dependence of My, My, and M.

at2 meV All bold lines are guides to the eyes.

dence of intensities at £ = 7meV, Q = (1,0,3)and E = 17
meV, QO = (1,0,2), the order-parameter-like intensity gains
are clearly observed below T, for both modes [Fig. 2(c)]. We
also compare the intensity under SVC ordered state at 7 = 25
K and paramagnetic state at 7 = 55 K. It seems that the spin
excitations are partially suppressed below 10 meV, giving neg-
ative values for 25 K - 55 K data with strong odd L modula-
tions [Fig. 2(d) and (e)]. After considering the effect from
Bose factor, the spin gap energy is determined to be around 6
meV*’. It exhibits a transition-like behavior across Ty [Fig.
2(f)]. Such spin-gapped behavior may be related to some soft
excitations in the paramagnetic state, which is cleared up be-
low T with spectral weight condensed into the SVC Bragg
peaks, and thus more obvious at L =odd than L =even'?. In
the SSDW systems, the spin gap is also three dimensional due
to the interlayer exchange coupling J.'3¢7.

Having established the L—dependence of spin excitations at
different temperatures, we then perform polarization analysis



on the anisotropy of low-energy excitations in spin space. The
raw data of the energy and temperature dependence of o5F,
o, and o5 are presented in the Supplementary Materials*’,
the deduced dynamic spin components M,, M, and M., are
shown in Fig. 3. For the odd mode in superconducting state,
there is a c—axis polarized component peaked around E = 4
meV, and the in-plane excitations are also weakly anisotropic
below E = 10 meV. At the intermediate temperature 7 = 25
K, the spin resonance disappears, but the spin anisotropy still
persists. When further warming up into the paramagnetic
state, where the spin gap closes thus the low-energy spin exci-
tations increase, the spin anisotropy only exists below 5 meV.
Figure 3(d) shows M,, M}, and M, as a function of tempera-
ture at the lowest energy we can approach (E = 2 meV). It is
evident that the c—axis component M, is always stronger than
the in-plane components M, and M), and the spin anisotropy
can persist up to a very high temperature about 100 K, about
twice of Ty. Such behavior is reminiscent of the results in
BaFe,_.Ni,As,, Ba;_,K,Fe,As, and NaFe;_,Co,As, where
the low-energy spin anisotropy can survive well above Ty in
the paramagnetic state®®-3138,

The confirmation of c—axis dominated spin excitations in
this work establishes a universal feature in iron pnictides that
the pairing of itinerant electrons prefers to be assisted by
c—axis spin fluctuations, no matter the magnetic pattern is
in-plane collinear SSDW, c—axis biaxial CSDW or coplanar
SVC. This could naturally explain the positive correlation be-
tween the maximum energies of SOC induced spin anisotropy
and T340 if the low-energy spin fluctuations indeed act as
the bosonic “pairing glue” in the formation of unconventional
superconductivity. The spin resonance, as a bound state of
collective excitations from gapped charge carriers near the
Fermi level, is formed by the spectral weight transfer from
low energy to resonant energy of the spin excitations which
are already present in the normal state above 7. In the SSDW
phase, the ordered moments are along a axis and much easier
to rotate perpendicularly to FeAs plane than within the plane,
resulting in prominent spin fluctuations along ¢ axis (M,) in
the antiferromagnetic state®%°. Thus M, also takes the lead-
ing contribution in the superconducting state under the SOC
between itinerant electrons and local moments?®3!. The in-
plane spin anisotropy depends on the nematic susceptibility
and the gapped intensities due to magnetic ordering?*>3>, In
the CSDW phase with c—axis spin reorientation, although the
magnetic order already suppresses most of the longitudinal
excitations (M.) above T,, it seems that the itinerant elec-
trons still keep the c—axis "memory” in the superconduct-
ing state’*3>. Here the case of SVC phase is similar to that
in SSDW phase, the in-plane longitudinal mode M, is sup-
pressed below Ty due to the magnetic ordering [Fig. 3 (b) and
(c)]. On the other hand, the c—axis component (M,) is well
preserved, leaving enough spectral weight to form the spin
resonance below T, [Fig. 3(a)]. The universality of c—axis
preferred spin resonance supports the orbital-selective pair-
ing in iron-pnictide superconductors®>’%!, The Cooper pairs
might be favoured by particular orbital orders, which are ro-

bustly coupled to the local spins of Fe in most systems even at
high temperatures far above 7.

Finally, we notice that the in-plane spin excitations seem
to be weakly anisotropic, such effect probably relates to the
electronic nematicity involved with in-plane orbital order-
ing. Although the nematic order is absent in the tetragonal
1144 system, the nematic fluctuations are probed in transport
measurements'>’2, and possible orbital orders are proposed in
the band calculations*”%2. Moreover, the anisotropy between
M, and M}, can be effectively considered as the total moment
on Fe sites rotates off the diagonal direction, leading to either
clockwise or counterclockwise movement of the SVC-type
plaquette described by the chiral order parameter of SVDW
(¢)>. This SVDW phase is critical to affect the nematic fluc-
tuations, as it bridges two nearly-degenerate phases (SVC and
SSDW) in the mean-field phase diagram, where the parameter
1 in Fig.1(a) can be viewed as a conjugate field to ¢'>73. By
tuning 77 from zero to finite, the degenerated region between
SVC and SSDW (or between SVC and CSDW) increases, then
the magnetic phase may easily transform to another under the
assistant of SOC'>. This explains the competition between
SSDW and CSDW in the hole-underdoped compounds®!” as
well as the additional c—axis moments induced by uniaxial
pressure in the parent compound BaFe,As,’*.

In summary, we have revealed the L—dependence and
anisotropy of the low-energy spin excitations in the 1144-
type CaK(Feg 96Nig04)aAss with superconductivity below T,
= 20.1 K and a SVC order below Ty = 48.1 K under the
tetragonal lattice symmetry. The bilayer coupling induced odd
and even L modulations of the spin resonance are observed
around 7 and 15 meV, respectively. The odd mode is highly
anisotropic with c—axis preferred magnetic excitations, and
the low-energy spin anisotropy persists up to a high temper-
ature about 7 = 100 K, much similar to those cases with in-
plane collinear or c—axis biaxial magnetic order. These results
suggest that the c—axis magnetic excitations are universally
preferred by the presumably orbital-selective superconducting
pairing. Meanwhile, the form of magnetic order depends on
material-specific symmetry characteristics in addition to SOC,
leading to a rich variety of interplay between superconductiv-
ity and magnetism in the Fe-based superconductors..

The raw data are available in Ref.”.
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