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High-temperature superconducting paring is generally believed to be mediated by the magnetic fluctuations
that mostly occur within the two-dimensional conducting layers (Cu-O, Fe-As, or Fe-Se) in copper oxides, iron
pnictides, iron chalcogenides, etc. Here, on the basis of inelastic neutron scattering measurements on a supercon-
ducting iron pnictide Cag33Nag ¢7Fe;As,, we have discovered a highly three-dimensional spin resonance mode
with upward V-shape dispersions both in the ab plane and along the ¢ axis. The superconducting gaps exhibit
strong k, modulations involved with significant changes on the size of one hole pocket and the density state of
the d_> orbital of Fe. The resonance dispersions don’t always seem confined by the total gaps summed on those
imperfectly nesting Fermi sheets. It is demonstrated that the c-axis dependence of both the resonance energy
and its intensity in iron pnictides can be universally scaled with the distance between two adjacent Fe-As layers
(d), and the k, modulation of the gap is also anticorrelated with d. These results highlight the role of interlayer
coupling in iron-based superconductivity, suggesting that the interlayer pairing may also be driven by magnetic

fluctuations under certain spin-orbit couplings.

DOI: 10.1103/PhysRevB.107.224514

I. INTRODUCTION

Currently, there are only two families of unconventional
superconductors that could show high-7, superconductivity
above 40 K under ambient pressure, i.e., cuprates and iron-
based superconductors (FeSCs) [1-7]. Both of them have
quasi-two-dimensional (quasi-2D) layered structures (Cu-O,
Fe-As, or Fe-Se layers) with strong antiferromagnetic (AFM)
fluctuations; thus, it is speculated that they may share a com-
mon superconducting pairing mechanism [8—11]. Indeed, this
is well supported by an extensively observed spin resonance
mode (SRM) in the neutron-scattering results of both families,
which is defined by a sharp peak in the magnetic excitations
around the AFM ordering wave vector in the superconduct-
ing state with an order-parameter-like intensity [12—41]. The
mode energy of the resonance (namely, resonance energy
Eg) linearly scales with T, having similar ratios for FeSCs
(Eg/kpT. = 4.9) and cuprates (Eg/kpT. = 5.8), where kg is
the Boltzmann factor [29-33].

Theoretically, the SRM is usually interpreted as a singlet-
to-triplet exciton from the quasiparticle excitations between
the sign-reversed gapped Fermi surfaces [42-47]. In this
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picture, the distribution of the resonance intensity should
be mostly beneath the total superconducting gaps summed
on these two parts of Fermi sheets: Ay = |Ag| + |Aktql
[32,34,48,49], where k is the electron momentum in the
reciprocal space and Q is the momentum transfer in be-
tween two Fermi sheets. The dispersions of SRM in the
energy-momentum space highly depend on the pairing char-
acters associated with the dynamic AFM correlations in the
superconducting state [37-40]. Specifically, in the case of
single-band cuprates, the SRM shows a downward dispersion
determined by the domelike distribution of the d-wave gap
[here A = 2|A] = Ag| cos(ky) — cos(ky)|]. The whole mag-
netic excitations form an hour-glass shape together with the
upward dispersion of the spin waves in the normal state, where
the neck is hosted by the resonance peak at Ex [14,42]. In the
multiband FeSCs with isotropic s*-wave pairing symmetry,
the total gap summed on one pair of hole-electron Fermi pock-
ets (At = | Ayl + |A,]) forms a Q-independent “flat ceiling”
instead, where the two gaps are quasi-2D and may have
different magnitudes [32]. Thus, the SRM with peak energy
ERr < Ay is predicted to show a magnonlike upward in-plane
dispersion, which should be determined by the normal state
spin velocities and further influenced by the anisotropic Lan-
dau dampings in the superconducting state [37-40].
Although the superconducting pairing mostly occurs
within the Cu—O layers in cuprates, the interlayer coupling
is also argued to boost 7; by promoting the superfluid density
and stabilizing the phase coherence of Cooper pairs [1,7,50].

©2023 American Physical Society


https://orcid.org/0000-0002-9126-580X
https://orcid.org/0000-0003-1532-2267
https://orcid.org/0000-0003-4647-5565
https://orcid.org/0000-0002-9811-7404
https://orcid.org/0000-0003-1514-0041
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.224514&domain=pdf&date_stamp=2023-06-21
https://doi.org/10.1103/PhysRevB.107.224514

WENSHAN HONG et al.

PHYSICAL REVIEW B 107, 224514 (2023)

Indeed, the optimal T, is significantly enhanced from the
single layer, bilayer to trilayer systems in those Bi-, Tl- and
Hg-based compounds [51-55]. However, a similar pattern
in FeSCs no longer exists [3,56,57]. For example, the bi-
layer systems such as 122-type, 1144-type, and 12442-type
iron pnictides do not have higher 7, than those single-
layered 1111-type compounds [56—61], and the maximum 7,
(~55 K) of bulk FeSCs seems far below the record of cuprates
(~134 K) under ambient pressure [54,58]. In fact, compar-
ing to the quasi-2D nature of cuprates, the FeSCs are more
complicated due to their nearly three-dimensional (3D) super-
conductivity and magnetism [9,62]. Their multiband Fermi
surfaces are contributed differently by the density of states
(DOS) by all five orbitals of Fe** [63-68]. Their supercon-
ducting gaps Ak not only show strong k-dependencies within
the [k,, k;] plane among different Fermi pockets but also dis-
perse along k, together with the modulations of their pocket
sizes [69,70]. This means that Ay actually has multiple Q
distributions smeared by its k, modulation, instead of the flat
Q-independent distribution in the quasi-2D cases [63]. How-
ever, the SRM seems randomly to show a c-axis dispersion in
FeSCs [21-41], and its in-plane dispersion exhibits either an
upward- or downwardlike shape probably irrelevant to the gap
distributions [32,37,40]. Such cases make it a great challenge
to describe the magnetically driven paring process both in
cuprates and FeSCs under a unified picture.

Here, in this paper, on the basis of measurements on a
3D SRM in Cag33Nag¢7FeyAs, and comparison with other
compounds, we demonstrate that the interlayer coupling is a
key to unknot the above puzzles in FeSCs, where both the
c-axis dispersion of SRM and the gap modulations can be
universally scaled with the distance between the nearest Fe-As
layers (d). The SRM exhibits a quasi-2D character when d is
larger than 6.7 A, its in-plane dispersion is mainly determined
by the nesting wave vectors with different gaps and pocket
sizes under a weak-coupling approach. On the contrary, the
SRM exhibits a 3D character for small d cases, both in-plane
and c-axis dispersions basically follow the V-shape of the spin
waves in the normal state under a strong-coupling approach,
while the spin velocities are different from the normal state
and the resonance intensity may not always be confined by
the gap distributions. We argue that both the inter- and in-
tralayer pairings may be driven by magnetic fluctuations but
involved with different orbital contributions in iron-pnictide
superconductors, the competition in between them related to
the Fe-As layer distance significantly affects superconduc-
tivity apart from the charge doping effects. These results
provide a phenomenological understanding on the relation-
ship between the local crystalline structure and the multiband
high-7, superconductivity in layered FeSCs. It means that
their superconductivity is more tunable than the doped Mott
insulator case in cuprates, but their maximum 7 is limited by
the presence of interlayer coupling.

II. EXPERIMENTS AND METHODS

A. Crystal growth and characterization

The Ca;_,Na,Fe,As; system is a 122-type FeSC with a
short Fe-As layer distance (d = 5.995 A) due to the small

radius of Ca [inset of Fig. 1(a)]. It has a stripe-type antiferro-
magnetism in the parent compound, a C4 phase magnetism in
the underdoped region, and an optimal 7, ~ 35 K around x =
0.67 [Fig. 1(a)] [71]. The Caq33Nag ¢7Fe,As, single crystals
were grown with the NaAs-flux method according to previous
reports [71-74]; the details of the procedure and characteri-
zation were published in Ref. [74]. Three precursors NaAs,
CaAs, and Fe, As were first prepared with highly pure raw ma-
terials Na(> 99.5%), Ca(> 99.9%), Fe(> 99.5%), and As(>
99.99%) by solid-state reaction method, then they were mixed
together at a molar ratio of CaAs : Fe,As : NaAs = 0.33 :
1 : 3.67 to grow single crystals in a box furnace. The typical
sizes of the crystals were about 5 ~ 15 mm in the ab plane and
0.5 mm for thickness along the ¢ axis. The orientation of each
crystal used in this study was carefully checked by using an
x-ray Laue camera. Figure 1(b) shows the zero-field-cooling
magnetization in six randomly selected samples; all of them
have full diamagnetism at low temperature and sharp super-
conducting transitions with an average 7. = 34.2 £0.5 K.
There are no anomalies in the resistivity measurements above
T [74], suggesting the absence of structural or magnetic phase
transition that exists in the parent compound CaFe,As;.

B. Neutron scattering experiments

Neutron scattering experiments were carried out using
thermal triple-axis spectrometer EIGER at the Swiss Spalla-
tion Neutron Source, Paul Scherrer Institut, Switzerland [75].
We defined the wave vector Q at (gx, gy, q;) as (H,K,L) =
(gca/2m, q,b/27, q.c/2m) reciprocal lattice units using the
same magnetic unit cell as the parent compound [3]: a =
b=544 A, ¢ =11.99 A. The scattering plane was set up as
[H,0,0] x [0, 0, L], where the AFM wave vector locates at
Qarm =1[1,0, L] (L = £1, £3, £5). We coaligned about 5.8
grams of single crystals on several aluminum plates [inset of
Fig. 1(b)]. Before the inelastic measurements, elastic neutron
scattering was used to assess the quality and mosaic of the
crystal array. The zero flat signal in Fig. 1(c) shown by the
difference between T = 1.5Kand 7T =40K at Q = (1,0, 1)
and Q = (1,0, 3) indicates the absence of stripe-type AFM
order. The total mosaic was determined by the full width at
half maximum (FWHM) of rocking curves at (2,0, 0) and
(0,0,4), which is about 3.3° in the ab plane and 3.1° for
out-of-plane case, respectively [inset of Fig. 1(c)]. Such a
sample mosaic is sufficient to satisfy the criteria of inelastic
neutron scattering (INS) experiments. The data were collected
with a final energy fixed as Ey = 14.8 meV in energy loss
measurement mode (E; > E;), with a 37-mm-thick pyrolytic
graphite filter, a double focusing monochromator, and a hori-
zontal focusing analyzer.

C. Density-functional-theory calculations

To figure out the k; modulations of the orbital characters
in Cag33Nag ¢7FeyAs,, we performed density functional the-
ory (DFT) calculations with a plane-wave basis set. Single
point energy calculations are performed using the experi-
mental lattice parameters as input. Based on the QUANTUM
ESPRESSO code, we employed ultrasoft pseudopotential and
self-consistent field approaches in our calculations [76].
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FIG. 1.

Sample information, electronic, and magnetic properties of Cag33Nagg7Fe,As,. (a) Phase diagram and crystal structure of

Ca;_,Na,Fe,As; [94]. The arrow marks the doping level (x = 0.67) in this study [74]. (b) Zero-field-cooling magnetization in six randomly
selected samples. The average 7, is 34.2 £ 0.5 K. The inset shows the coaligned sample set. (c) Elastic neutron scattering results of the
difference between T = 1.5Kand T =40KatQ = (1,0, 1) and Q = (1, 0, 3). The zero intensity suggests no antiferromagnetic order in this
compound. The inset shows the rocking curves and the FWHM for Bragg peaks (2, 0, 0) and (0, 0, 4). (d) Sketch plot of the 3D Fermi surfaces.
There are three hole pockets (¢, @', B) around the zone center and a small electron pocket (y) around the zone corner, where o’ band shows
strongly dispersive behavior along k. (I" — Z) direction [79]. The two different nesting vectors Q}% and the antiferromagnetic wave vector in
the parent compound (Qary) are marked. (e) Sketch plot of the superconducting gaps on each Fermi sheet at k,=0{)and k, =n/c’ (Z)
[79]. (f) k. modulation of the total superconducting gaps for each pair of the pockets: |[A,| + |A, |, |[Ay| 4+ |A, |, |Agl + |A,|. The dashed
lines represent two cases for momentum transfer Q = (1, 0, L) (L = odd or even). (g) Distribution of the total superconducting gaps at two

nesting vectors Q{%

Theoretical doping was performed within the virtual crystal
approximation approach [77]. The GGA plus on-site repul-
sion U method (GGA + U) was employed to incorporate the
associated electron correlation effect. The plane-wave cutoff
energy for Kohn-Sham valence states was taken as 50 Ry in
all calculations after performing rigourous convergence tests.
The Fermi surfaces were calculated using a dense 50 x 50 x
50 k-mesh, and the visualization tool FermiSurfer was used
to display the orbital contributions. All five orbitals of Fe?*
(dyz, dyz, dyy, d2, and d,2>_2) contribute to the band structure;
the partial den51ty of states (PDOS) for each orbital was also
derived from the calculation results.

III. RESULTS AND DISCUSSION

The Fermi surfaces of Cag33Nag ¢7Fe,As, consist of three
hole pockets («, o', B) and one electron pocket (y), as
shown in previous results of high-resolution angle-resolved
photoemission spectroscopy (ARPES) measurements [78,79].
Only the o’ band shows a strong modulation along the &,
direction, which appears as the outermost Fermi surface
around the Z point [namely, k = (0, 0, 7 /¢’), here ¢/ = ¢/2
to represent the distance between two Fe-Fe planes in the
1 Fe/unit cell Brillouin zone], but modulates significantly
such that it becomes nearly degenerate with the innermost
a band around the I' point [k = (0, 0, 0)] [Fig. 1(d)]. The

after considering both on the gap value and the pocket size modulations along k, with selective points.

y band is 2D and has a small pocket size both at the M
point [k = (;r /a, 0, 0)] and A point [k = (7 /a, 0, 7w /c’)]. Due
to the mismatch of the pocket sizes, the hole and electron
pockets are imperfectly nested at two wave vectors Q} =
[1 £4,0] in fixed k, plane. While the superconducting’ gap
(Ax) is nearly 2D on B and y bands, it shows a weak &,
modulation from 8 meV to 10 meV on the « band and a
very strong k, modulation from near 0 meV to 8.2 meV
on the o’ band [Fig. 1(e)]. After considering an interlayer
coupling, the gap data on all the bands can be fitted together
by using a global gap function: | Ak |=| Ag cos(k,) cos(ky) +
A;[cos(ky) + cos(ky)] cos(k;)/2 |, where Ag = 9.9 meV can
be considered as the intralayer pairing gap and A, = 1.2 meV
is the interlayer pairing gap [79]. Based on the pocket sizes in
the (k,, k,) plane at specific k; positions obtained from ARPES
measurements [79], we can calculate the gap value Ay of
each band from the above equation. Regardless of the size
mismatch, the total superconducting gap for each pair of hole-
electron pockets (|Aq| + [A, [, [Ax|+ 14,1 [Agl +1A,D
linked by the momentum transfer Q = (1, 0, L) should have
a k, modulation, and they are nearly the same for the cases
of L = odd and even [Fig. 1(f)]. By further considering the
imperfect Fermi surface nesting, the total gap Ay is actually
defined by two incommensurate wave vectors Q1 varied with
the pocket sizes. All the possibilities of Ay under different
combinations finally form a downward “dispersion” in the
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FIG. 2. L dispersion and temperature dependence of the resonance mode as shown by the intensity difference between 7' = 1.5 K and
T = 40 K. (a) Spin resonance peaks at different Q = (1, 0, L)(L = 1 ~ 4); the intensities have been divided by the square of Fe?* form factor
| F(Q)|*. All data are shifted by the steps of L for clarity. (b) 2D color sketch on the L dependence of the spin excitation intensity difference
between 1.5 K and 40 K. The horizontal dashed lines in (b) correspond to the 1D L cuts in (c) with £ = 3, 8, 14, and 18 meV, and the
vertical dashed lines in (c) mark the peak positions, respectively. The resonance intensity at high Q is damped due to the form factor effect.
(d) Temperature dependence of the resonance intensity at £ = 8, 14, and 18 meV with Q = (1, 0, 3), (1, 0, 3.5), and (1, 0, 4) respectively. All

solid lines are guides to eyes.

momentum space [Fig. 1(g)], where the onset of Ay locates
near the perfect nesting case with Q"™ = Qapm.

Figures 2(a) and 2(b) present the details of the c-axis
dispersion of SRM. After subtracting the intensity of mag-
netic excitations in the normal state (T = 40 K), the SRM
in the superconducting state at T = 1.5 K can be well iden-
tified by a peak in the energy scans at constant Q positions
Q=(1,0,L)(L =1~4). The SRM has a strong intensity
at odd Ls with Egx = 9.5 meV (e.g., L =1 and 3), the peak
shifts to higher energy and gets weaker from odd Ls to even
Ls. For L =2 and 4, Er ~ 18 meV, thus the bandwidth of
the c-axis dispersion is about 8.5 meV [Fig. 2(a)]. The V-
shape-like c-axis dispersion of the SRM has a velocity ¢; &
20 meVA much smaller than the c-axis velocity of spin waves
(~168 meV;\) in the parent compound [80] [Fig. 2(b)]. To
extract the L modulation of the resonance intensity, we have
performed long L scans at typical energies at E = 3, 8, 14,
18 meV. For the spectral-weight depletion at 3 meV and the
intensity gain at 8 meV, they certainly center at odd L = 1,
3, 5, while the resonance intensity at 18 meV peaks at even
L =2,4,6. The L scan at intermediate energy £ = 14 meV
show a two-peak feature instead [Fig. 2(c)]. The intensity
gainsat E =8 meV,L =3; E =14 meV,L =3.5;and E =
18 meV, L = 4 show a clear order-parameter-like behavior of
the superconductivity below T, [Fig. 2(d)].

To further explore the dispersion of SRM in the ab plane,
we have systematically performed constant-energy scans up
to 26 meV along the H direction at three fixed L = 3, 3.5,
4, as summarized in Fig. 3. To remove the contamination of
phonon excitations, here we only show the intensity difference
between 1.5 K and 40 K to refer to the SRM. The in-plane dis-
persion of SRM can be obtained by Gaussian fitting (double or
single peak) on the raw data in Figs. 3(a)-3(c). The peak cen-
ters and intensities obtained from these fittings are shown by
the open circles and gradient color in Figs. 3(d)-3(f), respec-
tively. For comparison, the momentum distribution of Ay in
Fig. 1(g) and the L positions in the L dispersion obtained
from Fig. 2(a) are also plotted in Figs. 3(b), 3(e), and 3(f),
respectively. Similar to other 122-type FeSCs [23,37-40], the
in-plane dispersion of SRM is nearly linear in V shape. As-
suming the SRM is an in-gap spin exciton under s*-pairing
symmetry, its in-plane dispersion should be in the form of
V% + chd,
where € is the resonance energy at zone center H = (1, 0),
and cy is the spin velocity at ¢ = 2w |(H — 1)|/a [37,40].
The fitting of the above equation gives cy = 75.2, 78.5, and
119.2 meVA for L = 3, 3.5, and 4, respectively. Comparing to
the velocity of c-axis dispersion, we have ¢y /c; = 3.8 ~ 6.0.
The in-plane spin velocity of SRM in Cag33Nagg7Fe As; is
close to the case in another optimally hole-doped compound

gapped magnons with upward dispersion: Q2 =
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FIG. 3. H dispersion of the spin resonance and comparison with A, (Q). (a)—(c) Constant-energy scans of the intensity difference between
T =1.5Kand T = 40 K along the [H, 0, L] direction at various transfer energies with fixed L = 3, 3.5, and 4, respectively. The shade areas
are fitting results by a one-Gaussian-peak or two-Gaussian-peak function. All data are shifted for clarity. (d)—(f) Comparison between the H
dispersion of the spin resonance and the momentum distribution of A, (Q) obtained from Fig. 1(f). The color map and open circles represent
the resonance dispersions and peak positions, respectively. The dashed lines mark the peak energy E and the L position in the L dispersion

shown by insets.

Bay 7K 33Fe,As,, even though the latter compound has very
weak c-axis dispersion of SRM [40]. The comparable spin
velocity between the cases along the ¢ axis and in the ab plane
confirms the 3D nature of SRM in Cag33Nag ¢7Fe,As,, and
the SRM becomes harder when it disperses to higher energy
at even Ls. We also notice that the ¢ axis to in-plane ratio of
spin velocity for the spin waves in CaFe,As, is about 1.9 [80],
much smaller than the case in SRM of Cag33Nagg7FesAs,.
Thus, the 3D dispersion of SRM cannot been fully attributed
to the damped magnetic excitations in the normal state, which
are similar to the spin-wave dispersions in parent compounds
due to the nearly unchanged effective magnetic coupling J
[9,80-82]. From another perspective, the upward in-plane
dispersion of SRM apparently does not follow the downward
distribution of A¢y. The overall intensity of SRM may be con-
fined by the maximum gap for L = 3 and 3.5 within the energy
resolutions in our measurements, but definitely break through
the limitation of A for the L = 4 case, where Ey is nearly
identical to the onset of Ay. Such results are also observed in
other hole-doped compounds such as Bag ;K¢ 33Fe,As, and
(K, Cs)CayFe4qAs F,, which is actually inconsistent with the
spin exciton scenario and require further theoretical investiga-
tions [32,33,40,70,83-85].

From the global gap function, it illustrates that the k,
modulation of the gap is mostly from the pocket size change
under the interlayer pairing (A, 7% 0) [79]. Such a picture
is experimentally confirmed in Ba,_,(K, Na),Fe,As, and
BaFe,(As;_,Py), [63,70]. To further reveal the orbital con-
tributions on each Fermi surface, we have performed DFT
calculations on Cag 33Nag ¢7Fe,As,; the results are shown in
Fig. 4. Clearly, all five orbitals of Fe2t (dyz, dyz, dyy, dp
and d,>_,») contribute to the Fermi surfaces, and the pocket
size modulation is highly related to the PDOS of each orbital
[Figs. 4(a)-4(e)]. For the strongly modulated «’ band, only
the d,; and d orbitals follow the modulation period both on
size and gap [Figs. 4(f)—4(j)]. This could be further confirmed
by the orbital projected Fermi surfaces in 3D [Figs. 4(k)—
4(o)]. However, the modulation amplitude for d,» orbital is
obviously higher than that in d,, orbital. By integrating the
occupation of all Fermi surfaces for each orbital, it empha-
sizes the importance of d. orbital in total DOS [Fig. 5(a)],
as its peak is very close to the Fermi level. Even though the
PDOS is dominated by d,., d,., and d,>_,>, the k; modulation
of d. orbital is quite obvious [Fig. 5(b)]. It seems that the
more involvement of d to the Fermi level, yields the larger
size of the pocket and the smaller superconducting gap. This
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d,

dzz dxz_yz

FIG. 4. Occupation for five Fe?* orbitals in the band structure and each Fermi sheet obtained from DFT calculations. (a)—(e) Occupation
in band structure for five Fe?* orbitals (d,,, dy;, dyy, d2, and d,2_ ). The size of dots represent the PDOS for each orbital. (f)—(j) k; modulation
of PDOS in 2D for all five Fe** orbitals. (k)—(0) Orbital projected Fermi surfaces in 3D for all five Fe?* orbitals. The gradient colors from blue

to red represent the relative intensities.

naturally establishes the connection between the Fe-As layer
distance d and the k, modulation of superconducting gap.
When two Fe-As layers get closer, the interlayer overlap of d
orbital is more likely to happen. Such effect is significant in
those compounds with mirror symmetric Fe-As layers along
¢ axis under short d (e.g., the 122-type or 1144-type FeSCs)
[Fig. 5(c)], since the possible hybridization between the 4p,
orbital of As and the d,. orbital of Fe could enhance the
interlayer coupling [86,87].

The above facts inspire us to search for the possible con-
nections between the c-axis resonance dispersion and the
distance of adjacent Fe-As layers (d). The c-axis dispersion of
SRM can be quantitatively described by the bandwidth AE =
Ecven — Eoqq, namely, the peak energy difference between
even and odd Ls [36]. To compare with different systems near
the optimal doping level, we have normalized AE by kgT.,
and then plot it versus d for all available data in iron-pnictide
superconductors [24-26,29-32,34—41]. As shown in Fig. 5(d),
it turns out that c-axis bandwidth of SRM has a universal
scaling relationship with d. For those systems with large d,
such as 12442, 111, 112, and 10-3-8, the SRM is 2D with
AE =0 [26,31,32]. When d decreases below a threshold of
about 6.7 A, the c-axis dispersion of SRM appears and con-
tinuously increases along with further decreasing d. Similar
scaling can be also found for the intensity ratio Iogq/levens
as the resonance at even L is always weaker than that at
odd L [Fig. 5(e)]. Interestingly, for the bilayer compound
CaKFe4As, with breaking translation symmetry along the ¢
axis, the SRM splits into nondispersive odd and even modes
instead of the continuous c-axis dispersion [34], it also fol-
lows the same scaling with the shortest d in Figs. 5(d) and
5(e), too. Therefore, the Fe-As layer distance d plays a key

role in the c-axis dispersion of SRM. To further seek the
relation between d and the k, modulation of superconduct-
ing gaps, herein we compare the available ARPES results
of four compounds: Bag¢Nag4Fe;Asy, BaFe;(Asg66P0.34)2,
Bay¢7Kp33FeAsy, and Cag33Nagg7Fe,Asy in this paper
[36,41,69,70,79,83,84]. Since most bands have nearly 2D
gaps, we thus only focus on the k, modulation of gap of the
o’ band: [Ay(0) — Ay (it /c")]/kgT,. Not surprisingly, the k,
modulation of the gap is also anticorrelated with the Fe-As
layer distance [Fig. 5(f)], but weaker than the scaling of the
c-axis dispersion of SRM in Fig. 5(d). Such results clearly
confirm the common nature of the 3D dispersions of SRM
and the superconducting gaps.

The threshold of d = 6.7 A divides the FeSCs into two
groups: the weak coupled systems with d > 6.7 A and the
strong coupled systems with d < 6.7 A. On one hand, the
dispersion of SRM is determined by the nesting conditions
and the gap distributions on the Fermi surfaces of the weak
coupled systems, as the magnetic excitations are dominated by
the contributions from itinerant electrons. On the other hand, it
could keep the “memory” of magnons in those strong coupled
systems, as the magnetic excitations are mainly contributed by
local magnetic moments. Therefore, the dispersion of SRM
could either show a downward feature in quasi-2D systems
(e.g., KCayFey AsyF,) or an upward feature in 3D systems
(e.g., Ca;_,Na,Fe,As;). When the SRM is strong enough,
the magnetic excitation changes (AE) below and above T
should account for the superconducting condensation energy
(U.), namely, AE¢ /U, > 1 [38,82]. It seems that the mag-
netic system is easier to resonate with the superconductivity
under shorter d due to the enhanced interlayer coupling. In
this sense, the interlayer pairing in FeSCs could also be driven
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FIG. 5. Analysis of density of states, c-axis resonance dispersion, superconducting gap modulation, and Fe-As interlayer distance in iron-
pnictide superconductors. (a) The total DOS for all five Fe** orbitals obtained from DFT calculations. (b) k, modulation of the normalized
PDOS for all five Fe** orbitals derived from DFT calculations. (c) The distance of adjacent Fe-As layers d in iron-pnictide superconductors. (d),
(e) Universal relationship between the c-axis resonance dispersion and the Fe-As interlayer distance d in iron-pnictide superconductors. The

bandwidth of resonance (Eyep

— Eqa) s normalized by k5T, and the intensity ratio Ioqq/Zeven 1S Obtained from the energy scans at Q = (1,0, L)

[24-26,29,31,32,34-41]. The solid lines are guides to the eyes. (f) Anticorrelation between the k, gap modulation of «’ band and the Fe-As
layer distance in four compounds: Bag ¢Nag 4Fe,As,, BaFe; (Asg 6Po.34)2, Bags7Ko33Fe2As,, and Cag33Nag ¢;FerAs, [36,40,41,70,79,83,84].

by magnetic fluctuations similar to the intralayer pairing but
involved with different orbital contributions (i.e., d2 orbital).
This picture is also supported by a commonly observed fea-
ture of c-axis preferred SRM for different magnetic patterns
[41,87-91], suggesting orbital-selective pairings in FeSCs.
Theoretically, the intra- and interlayer pairings generally
compete with each other and can be tuned by the local
magnetic interactions related to the in-plane correlations and
the Fe-As layer distance [86]. This picture naturally explains
the rich superconducting phase induced by various chemical
substitutions in FeSCs. While the in-plane substitutions of
Fe by other transition metals (e.g., Ni, Co, Ru, Rh,...) break
the static AFM orders and establish the intralayer pairing,
the out-of-plane substitutions (e.g., Na, K. Rb, Cs,...) stretch
the ¢ axis to reduce interlayer coupling, and the isovalent
doping from P on As sites actually decreases the average
pnictogen height to give a smaller d [2,3,9,38,56,57]. The
superconductivity is not solely determined by the charge
carrier concentration from dopings but also highly related
to the additional effects from local crystalline structures.
Therefore, the bilayer compounds with strong interlayer
couplings do not always have higher T, than the single layer
compounds [11,57-61,92], and the optimal doping level is
compound dependent even for those systems with same lattice
symmetry and chemical substitution [e.g., optimal doping
level x = 0.4, 0.55, and 0.67 for Ba;_,Na,Fe,As, (d~6.5 A),
Sri_Na,Fe,As, (d~6.2 A), Ca;_,Na,Fe,As, (d ~ 5.9 A),

respectively] [74,93-98]. This also explains why the Fe-As-Fe
bond angle as well as the anion height from the Fe-Fe plane
are related to the optimal 7. in different FeSCs [3,99,100],
since they directly relate to the Fe-As layer distance.

IV. SUMMARY

In summary, our INS experiment reveals a 3D neutron
SRM in the superconducting state of Cag 33Nag ¢7Fe,As, with
upward V-shape dispersions both in the Fe-As plane and along
the ¢ axis. The in-plane dispersion of SRM does not follow
the energy-momentum distribution of the total supeconduct-
ing gap Ay summed on those imperfectly nesting Fermi
sheets with k, modulations. By comparing with other FeSCs,
we demonstrate that the c-axis dispersion of SRM can be
universally scaled with the Fe-As layer distance d, and the k-
modulation of gap is also anticorrelated with d. The threshold
of d = 6.7 A divides the FeSCs into two groups with different
interlayer coupling, which determines the dimensionality of
superconductivity and SRM. The competition between the
intra- and interlayer pairings leads to the tunable and flexible
superconductivity in FeSCs, but probably limits the maximum
T. in these materials. Therefore, the common picture of a
doped Mott insulator in cuprates may not be applicable in
the metallic FeSCs [1,2], as their multiband superconductivity
is more sensitive to the local crystalline parameters besides
charge dopings. Further investigations on the quantitative
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relationship between the local structure and 7, in FeSCs will
certainly inspire the quest for a universal mechanism of the
magnetically driven picture of high-7, superconductivity.
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