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Close relationship between superconductivity and
the bosonic mode in Bag (Ko 4Fe,As, and

Na(Feo.975C00.025)As

Zhenyu Wang"?7, Huan Yang'?, Delong Fang', Bing Shen?, Qiang-Hua Wang', Lei Shan?,
Chenglin Zhang?, Pengcheng Dai*3 and Hai-Hu Wen'*

Since the discovery in 2008 of high-temperature superconductivity in the iron pnictides and chalcogenides, a central issue has
been the microscopic origin of the superconducting pairing. In particular, it remains unclear whether there is a bosonic mode
from the tunnelling spectrum, which has a close and universal relationship with superconductivity as well as with the observed
spin excitation. Here, on the basis of measurements of scanning tunnelling spectroscopy, we show clear evidence of a bosonic
mode with energy identical to that of the neutron spin resonance in two completely different systems, Ba, (Ko sFe,As, and
Na(Feg 975C00.025)As, with different superconducting transition temperatures. In both samples, the superconducting coherence
peaks and the mode feature vanish simultaneously inside the vortex core or above the transition temperature T, indicating a
close relationship between superconductivity and the bosonic mode. Our data also demonstrate a universal ratio between the
mode energy and superconducting transition temperature, that is 2 /kg T. ~ 4.3, which underlines the unconventional nature

of superconductivity in the iron pnictide superconductors.

perconducting state is achieved by the quantum condensa-

tion of paired electrons, and the electron pairing is provided
by the electron—phonon interaction. The compelling evidence for
this model was the tunnelling spectrum dI /dV versus V, on which
some fine structures, due to the electron—phonon coupling, appear
at voltages of A+ (2 (or at — A — (2), where A is the superconduct-
ing gap and (2 is the energy of a typical phonon mode'™. Hence,
clear dips (or peaks) should be observed in the second derivative
of the tunnelling curve, that is, d?I/dV? versus V at energies of
A+ 2 (or at —A — (2). This is because the energy-dependent
gap function A(e), when taking the electron—phonon coupling
into account, shows anomalies at A + {2 (or at —A — {2) and
thus influences the quasi-particle density of states (DOS), which
is proportional to dI/dV (refs 1-4). Inspired by this interesting
scenario, it was found that a similar anomaly appeared outside
the gap in the hole-doped cuprate Bi,Sr,CaCu, 05,5 measured by
scanning tunnelling microscopy’ (STM), although it was argued
that this peak—dip—hump feature might not be relevant for super-
conductivity, but resulted from inelastic tunnelling through the
insulating oxide layers® or simply from some Einstein mode of
phonons’. For the electron-doped high-T¢ cuprate superconductor
Prj gsLaCe 1,CuO,4, STM measurements have revealed a bosonic
excitation at an energy of 10.5 meV, which is consistent with the
neutron spin resonance energy, thus indicating spin-fluctuation-
mediated superconductivity in this material®'°. In the iron pnic-
tide/chalcogenide superconductors, one of the proposed pictures
for the pairing is through exchanging the antiferromagnetic spin
fluctuations with the two electrons on the electron (hole) pockets,

Q ccording to the Bardeen—Cooper—Schrieffer theory, the su-

and they are scattered to the hole (electron) pockets leading to
a pairing order parameter with opposite signs on the electron
and hole pockets; this is termed as the S+ pairing model'"'2.
Inelastic neutron scattering data have given some preliminary
evidence for this pairing gap; namely, a resonance peak appears
at the momentum Q= (r,0) (in the unfolded Brillouin zone)'.
In addition, some evidence to support this model is inferred
from the quasi-particle interference pattern based on the spatial
mapping of the local DOS (LDOS) in the STM measurements
in Fe(Se,Te) (ref. 14). Therefore, it is interesting to determine
whether the tunnelling spectrum dI/dV versus V exhibits some
anomalies related to the neutron resonance or the unique S+
pairing. Recently, a dip—hump feature in the scanning tunnelling
spectroscopy (STS) spectrum of an optimally hole-doped BaFe,As,
has been observed, and the mode energy seems to be close to the
neutron spin resonance energy'>. However, it is still possible that
the mode is induced by the interaction between the electrons and
a phonon mode. Here we present evidence for this bosonic mode
in two totally different systems with different superconducting
transition temperatures (T.). These data suggest a close relationship
between superconductivity and the bosonic mode associated with
spin excitations instead of phonons.

Figure la shows a topographic image of the Ba,¢K,4Fe,As,
sample measured by our STM with a tunnelling current I, =200 pA
and a bias voltage V =40 mV. The atomically resolved structure
is clearly seen. The inset to Fig. 1a shows a closer view of the
topography; the atomic structure turns out to be a square lattice
with a constant of 5.4 A with a mixture of white and dark spots on
the image. By counting the numbers of the white and dark spots,
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Figure 1| Topographic STM image and the tunnelling spectra of the Bag.¢Ko.4FezAs; single crystal. a, STM image showing an atomically resolved square
lattice with a constant of 5.4 A. The inset in a shows a closer view. The curve below a shows a height distribution measured along the white line marked in
a. b, A typical tunnelling spectrum measured at 1.7 K. The superconducting coherence peaks are marked with arrows labelled A and —A. The 2+ A arrow
reflects the position of the bosonic mode. A clear asymmetric spectrum is observed, which may be induced by the shallow bands close to the Fermi energy.
¢, Several typical tunnelling spectra measured to a wider energy, exhibiting a hump at about 60 mV or higher energies. The curves with different colours

represent the results measured at randomly selected sites.

we find that the ratio is actually very close to the chemical doping
ratio Ba/K = 6/4, indicating that the surface layer is composed
of Ba and K atoms. The high quality of the sample is justified
by the data in Supplementary Fig. S1. Figure 1b shows a typical
tunnelling spectrum measured on the surface. Several interesting
features can be seen. The tunnelling spectrum exhibits two clear
peaks at an energy level of about 7.3 meV, which are associated
with the superconducting gaps. Another peak appears at an energy
of about 21.5+£0.8 meV (determined at the middle of the right wing
of the peak, addressed later). Apparently both the superconducting
coherence peak and the peak at about 21.5+ 0.8 meV are more
prominent on the right-hand side. We determined the mode
energy at the middle of the right wing of the peak because this
was adopted in the conventional superconductors to determine
the phonon energy, according to the Eliashberg theory'™. For
unconventional superconductors with sign-reversing gaps, the peak
(as a consequence of the sign-reversing gap) position depends on
the superconducting energy gap as well as the correlation effect'*™".
We will come to this point later. The spectrum is quite asymmetric.
As shown in Fig. 1c, the DOS is generally low in the negative bias
side, and gets much higher at positive bias voltage. On some curves,
a peak appears at about 60 mV, and it can even move to higher
energies at different sites, but the feature of superconductivity in
the low-energy region shows no obvious change. This asymmetric
feature can be well explained as a result of the band-edge effect. In
fact, in the angle-resolved photoemission spectroscopy data, there
are indeed several bands close to the Fermi energy (within 100 meV;
refs 20,21). The peak with a characteristic energy of about 60 mV
or higher may be induced by the accumulation of DOS of both
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the electron and hole bands. Our simulation shows that indeed this
band-edge effect can strongly enhance the DOS as well as the related
features in the positive bias side (see later).

To determine whether this mode is closely related to super-
conductivity, we investigate the temperature and magnetic field
dependence of the tunnelling spectra. Figure 2a shows the evolution
of the STS spectra with temperatures up to 40 K, which is just above
T.. The black solid lines shown together represent those resulting
from performing Fermi-Dirac convolution on the data at 1.7K
(ref. 22). It is clear that at 40 K the mode feature is almost invisible
compared with the convoluted data of 1.7 K. Therefore, both the
superconducting coherence peak and the mode are suppressed and
smeared out with increasing temperature and finally disappear
above T.. To gain a comprehensive understanding of the data, we
normalize the dI/dV versus V spectrum measured at different
temperatures by the one measured at 40 K (Fig. 2b). Shown here
together are theoretical curves (colour lines) calculated using two
anisotropic s-wave gaps based on the Dynes model®. In fact, the
calculation with one single anisotropic gap can also fit the data.
Both ways yield a dominant gap of 7.3 +0.5meV, which is close
to our previous results of STM measurements on the same kind of
samples®*. Details of the fitting are given in the Supplementary In-
formation. To illustrate the relationship between superconductivity
and the bosonic mode, we determine the area of both the coherence
peak and the mode under the tunnelling spectrum. It is known that
the tunnelling spectrum would show up as the purple line in Fig. 2¢
if the electron—boson coupling has no influence; therefore, we deter-
mine the weight corresponding to superconductivity by integrating
the area under the coherence peak, as marked by the red colour
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Figure 2 | STS spectra and their temperature dependence for the Bag ¢Ko.4Fe2As; single crystal. a, The evolution of the STS spectra with temperature
increased from 1.7 K to 40 K. Both the coherence peak and mode peak are suppressed and gradually vanish above Tc. The solid lines represent the data at
1.7 K convoluted with the Fermi-Dirac function. b, The STS spectra normalized by the one measured in the normal state (at 40 K). The symbols represent
the experimental data; the coloured lines are the theoretical fits to the data with the Dynes model with two anisotropic gaps. €, The normalized spectrum
measured at 1.7 K. The red and the blue areas are those calculated to show the weight of the coherence peak and the bosonic mode. d, The temperature
dependence of the area of the coherence peak and the mode, as marked by the red and blue areas respectively in c. Clearly, they both vanish at about Te.
The error bars in d indicate the error from the fitting process using Supplementary Equation S1.

in Fig. 2¢c. For the bosonic mode, we calculate the area between
the mode peak and the calculated curve, as marked by the blue
colour in Fig. 2¢c. The results arising from this calculation about the
superconducting coherence peak and the bosonic mode are shown
in Fig. 2d. It is evident that both will vanish at T, indicating a close
relationship between superconductivity and the bosonic mode.

An alternative way to check the relationship between supercon-
ductivity and the bosonic mode is to suppress the superconductivity
by a high magnetic field and to see how the mode changes inside the
vortex core. For this purpose, we applied a magnetic field (11T)
during the measurements. By measuring the two-dimensional
spatial distribution of the LDOS at zero energy, we get a vortex
pattern with a slightly distorted triangular lattice. Figure 3a shows
a high-resolution image of the vortices. It seems that the vortex
structure is not as disordered as in Ba(Fe,_,Co,),As,; this is possibly
because the doped atoms go directly to the Fe sites leading to larger
disorder in the Co-doped samples®. With the well-measured vortex
pattern, we can easily locate and perform careful measurements of
the STS curve by crossing one single vortex. By following the trace
as marked by the white line in Fig. 3a, we measured the spatially
resolved spectra ranging from the outside to the inside of the vortex
core. A typical set of data is presented in Fig. 3b. It is clear that,
outside the vortex core, the spectrum looks quite similar to that
measured at zero magnetic field: a very weak suppression occurs
for the coherence peak and the mode feature when the field is
applied. However, both peaks are strongly suppressed and even
cannot be distinguished from each other when inside the vortex
core. Figure 3¢ shows the spatial evolution of the spectra measured
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from the outside to the inside of the vortex cores with a step of 3.6 A.
Both the coherence peak and the mode peak are suppressed simulta-
neously and finally they are absent; instead a very broad and round
hump is formed. To resolve the evolution more clearly, Fig. 3d
shows the second derivative curves d*I/dV? versus V. A strong
dip appears at about 21.5+ 0.8 meV, as marked by the dashed line.
If we attribute this strong dip to the electron-boson interaction,
being analogous to that in the phonon-mediated superconductors,
the bosonic mode energy here is about 2 =21.5-7.3 = 14.2 meV.
This value is very close to 14-15meV, the energy of the neutron
resonance obtained from the same sample®®. It should be noted
that neither the kink on the dI/dV versus V curve nor the dip
on the d’I/dV? versus V curve at 21.540.8 meV change position,
seemingly contradicting with a weakened pairing strength when
going from the outside to the inside of the vortex core. The apparent
gapped feature at the centre of the vortex core is very unusual. A
similar phenomenon was observed in the cuprates and explained as
being the effect of a competing order?”?%. In our present systems,
further systematic work is required to solve this issue. Another
interesting phenomenon is that in our present study we did not
see the in-core Andreev bound state peak, which we observed in
previous experiments?. This could be due to several reasons. In
the present experiment, the coherence peak arises mainly from the
larger gap (7-8 meV), whereas the previous STS curve that exhibits
the in-core Andreev bound states mainly comes from the small gap
(3—4 meV). According to the extended theory of the S+ model, the
DOS and the gap value of each Fermi surface may have the relation
Ng/N; = (A;/ As)?; therefore, the DOS (N;) on the Fermi surface
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Figure 3 | Spatial mapping of the LDOS and STS spectra across a vortex core on the Bag.¢Ko.4Fe2As; single crystal. a, A high-resolution topographic
image (39 nm x 39 nm) of the vortex lattice measured by the LDOS at zero bias. The white line indicates the trace on which the tunnelling spectra shown in
¢ were measured. b, The tunnelling spectra measured at zero magnetic field (green line), outside the vortex core (red line) and at the centre of the vortex
core (dark line) when a 11 T magnetic field is applied. €, The spatially resolved tunnelling spectrum d//dV versus V measured from outside (upper curve) to
the centre of the vortex core (bottom) with a step of 3.6 A. No in-core Andreev bound state peaks are observed. Both the coherence peak and the mode
peak are suppressed and gradually disappear inside the vortex core, showing the close relationship between the superconducting coherence peak and the
peak of the bosonic mode. d, The second derivative curve d2//dV? versus V. The bosonic mode appears here at about 21.5mV as a sharp dip. The dip

feature is gradually smeared up inside the vortex core.

of the small gap is much larger than that of the larger gap (N} ); thus,
the in-gap Andreev bound states are mainly arising from the DOS of
the small gap®. The distinction could be due to the different surface
states in these two cases. We must emphasize that the bulk qualities
of the two samples are exactly the same; both are very good.
Although we have shown that there is a strong mode feature
outside the superconducting gap of Bay K, 4Fe,As,, and the mode
has a similar energy to the neutron resonance energy, it can still
be argued that it could be induced by the interaction between
the quasiparticles and the Einstein phonon mode, which probably
has an energy, coincidentally, of around 14 meV. To show that
this is not the case, we select a totally different system with a
different T, that is, Na(Feg 975C0g.025)As (T, = 21 K). This system is
perfect for the STM measurement because we can get a nonpolar
surface with well-ordered Na atoms***'*2. Figure 4a shows the
topography of the cleaved surface of this 111 sample with a
tunnelling current of I, = 200 pA and a voltage of V =40 meV.
Beside the atomic lattice, a block with a rectangular morphology can
be seen. This was argued to correspond to one single Co impurity
and is discussed elsewhere®. Figure 4c shows the spatial evolution
of the tunnelling spectrum along the line marked with blue dots
every half lattice constant in Fig. 4a. The STS spectra exhibit a flat
zero bottom, indicating a full superconducting gap. Moreover, the
superconducting coherence peaks are very clear and strong here,
yielding a gap value of about 5.5 meV. This gap value is quite close to
that observed by angle-resolved photoemission spectroscopy, which
indicates an identical gap on both the hole and electron pockets®. In
addition, just outside the superconducting coherence peak, a small
hump appears at an energy of about 13.3+£0.8 meV on both sides.
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To show this more clearly, the second derivative curves d*I/dV?
are shown in Fig. 4d. A clear dip occurs at an energy of about
13.3+ 0.8 meV. If we follow the method used for Bay K, 4Fe,As,
to determine the mode energy for Na(Fe; ¢75C0 025)As, that would
give {2 =13.3-5.5~ 7.8 meV. Figure 4b shows the difference in the
imaginary part of the spin susceptibility measured at 5 and 25 K.
A resonance peak appears at around 7meV at Q=(1/2,1/2,2).
This resonance energy once again is very close to the mode energy
determined from the tunnelling measurement. Figure 5a presents
the temperature dependence of the tunnelling spectrum, showing
again both the superconducting coherence peak and the mode at
1.7 K. With increasing temperature, both features are weakened
simultaneously and vanish above T.. In all of the STS curves, we see
a clear asymmetry. This asymmetry extends even to a temperature
well above T.. This asymmetry, as seen in Bag K, 4Fe,As,, is argued
to be the result of the band-edge effect. Interestingly, as shown in
Fig. 2a, when there is a weak anomaly feature on the positive bias
side in the normal state, the superconducting coherence peak and
the mode feature are enhanced also on the same side. By taking
the data at 25K (>T. = 21K) as the background and dividing the
STS data measured at all other temperatures by this background,
we get STS spectra with a more symmetric shape (Fig. 5b). After
doing this, the mode feature becomes very clear. By applying a
magnetic field of 11 T at 1.7 K, we measured the spatial distribution
of the LDOS at zero energy. The data are presented in Fig. 5¢, in
which a slightly distorted triangle vortex lattice can again be seen
in this sample. Figure 5d shows the spatial evolution of the STS
spectra measured along the arrowed white line indicated in Fig. 5c.
A very similar feature as observed in Ba, K, 4Fe,As, can be seen. It
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Figure 4 | Spatially resolved STS spectra on Na(Feg 975C00.025)As single crystal. a, Spatially resolved atomic lattice with a constant of 3.80 A measured
with a tunnelling current of I; = 200 pA and a voltage of V =40 meV. A rectangular shape with 2 x 3 atoms is observed, which is well associated with a
single Co impurity in the middle and will be presented elsewhere. b, The difference in the imaginary part of the spin susceptibility measured at 5 and 25 K.
A resonance peak appears at around 7 meV at Q =(1/2,1/2,2). ¢, The tunnelling spectra measured at zero magnetic field at the positions marked by the
blue dots in a. The red line represents the one detected at the centre of the 2 x 3 rectangular block, assumed to be the site of the Co impurity. d, The second
derivative curve d?//dV? versus V. The bosonic mode is marked by the dashed line, where a dip appears at about 13.5mV. The error bars in b indicate

statistical errors of one standard deviation.

is clear that both the superconducting coherence peak and the mode
feature observed outside the gap are suppressed simultaneously. It
is interesting that the STS spectrum measured at the vortex core
looks quite similar to that measured above T.. This asymmetric
background both at the vortex core centre and above T, is also
observed in LiFeAs (refs 22,31), and is naturally explained as being
due to the shallow band-edge effect.

The coincidence of the bosonic mode energy and the neutron
resonance energy in two completely different systems is quite
intriguing and indicates that the mode feature is unlikely induced
by phonons. Given the pronounced differences in the crystal
structures between BayKj.Fe,As, and Na(Feyo75C0¢025), it is
difficult to imagine that two phonons would occur at exactly
the energy of the resonance for the two systems. Therefore,
our results suggest that the electrons are strongly coupled to
the spin excitations. By taking account of the ratio between
2 and T, there is a universal ratio in the two different
samples: 2/kgT. =14.2 x 11.6/38 =4.33+0.25 in Ba, 4K, 4Fe,As,
and 7.8 x 11.6/21 = 4.31 £ 0.44 in Na(Fe9;5C0q25)As (taking
£0.8meV as the error bar for (2). In the optimally doped
Ba(Fe,_,Co,),As,, because no STM data have been reported so
far for the bosonic mode, we take the value of the neutron
resonance energy, which is about 9.5meV (ref. 34), and using
T.=25K, we get E, /ksT. = 4.28. Meanwhile it is concluded that
there is a universal ratio® between the resonance energy E, and T,
which is about 4.6 in many types of iron pnictide superconductor.
Figure 6 shows the resonance energy derived from the neutron
scattering experiments as open symbols'»**** for different
systems, versus the superconducting transition temperatures. The
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mode energy determined from our tunnelling measurements is
also plotted. Remarkably, our data points fall quite well onto the
so-called universal plot.

The close relationship between the electron tunnelling mode and
neutron spin resonance in two different systems strongly suggests
that the pairing should have a magnetic origin. In this context,
there are two scenarios to explain the neutron resonance and the
mode feature in tunnelling measurements: it is the consequence
of the sign-reversal of the gap; it is this mode that mediates the
pairing, namely it acts as the pairing glue. Now we discuss these two
possibilities. A general argument against the idea of pairing glue for
the neutron spin resonance stems from two concerns: the absolute
weight of the neutron resonance mode is too weak to account
for the superconducting condensation in most unconventional
superconductors'’, although in optimally doped YBa,Cu;O;_s
the mode seems to have sufficient weight to account for the
superconducting condensation energy**; and more seriously, the
mode vanishes above T, in optimally doped superconductors,
which is not like the phonon that persists all the way crossing T..
According to the Eliashberg theory on superconductors with a sign-
reversing gap, a resonance mode due to the particle hole excitation
will be formed within 2A (refs 16-19). From a general point of
view, the mode energy may be written as 2 =2A[1 —f (U /¢)] with
an unknown function f (U /t) being less than 1 and depending on
the ratio between the repulsive energy U and the kinetic energy ¢.
Assuming that A &2 ~ 2.5k3 T, in the case of strong coupling, we
indeed have 2/kp T, ~ 4-5 if the correlation is mild (f (U /t) < 1).
Theoretically, a precise expression for f(U/t) is still lacking. In
addition, by following this argument, as far as we know, there is
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Figure 5 | Temperature dependence of the tunnelling spectra for the Na(Feg 975C00.025)As single crystal. a, The evolution of the STS spectra with
temperature increased from 1.7 K to 25 K. A small hump appears above the superconducting coherence peak. All spectra are asymmetric with an
enhancement on the left-hand side, which is attributed to the band-edge effect. b, The STS spectra normalized by the one measured in the normal state (at
25K). ¢, A high-resolution topographic image (39 nm x 39 nm) of the vortex lattice measured by the LDOS at zero bias at a magnetic field of 11T, showing
a slightly distorted vortex lattice structure. The white arrowed line indicates the trace on which the spectra shown in d were measured. d, Spatially resolved
tunnelling spectra d//dV versus V measured from the outside (bottom curve) to the centre of the vortex core (upper) with a step of 3.6 A.
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Figure 6 | A universal relation between the mode energy and the
superconducting transition temperature T.. The open points with error
bars represent the neutron resonance energies versus T, for many different
samples; the filled dark green and red circles show

the mode energy {2 versus T. of our tunnelling experiments on the
Bag.6Ko.4Fe2Asy and Na(Feg.975Coo.05)As single crystals, respectively. The
red line shows a universal relation: (E;, £2) /kg Tc = 4.4. The error bars for
the data in this work indicate the standard deviation of the Gaussian
distribution fitting of £2; those for the open symbols are taken from

the literature.
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no explicit way to prove that the mode feature should locate at the
dip position of the second derivative curve d*I/dV?) versus V, as
observed in our data and the phonon-mediated superconductors'™.
Therefore, our results will stimulate further theoretical efforts to get
a quantitative understanding.

The other scenario concerns the bosonic mode as the pairing
glue. To get a basic assessment of this model, and especially for
understanding the asymmetry of the mode features with respect
to the Fermi level, we performed self-consistent microscopic
calculations using the four-band (two electron and two hole bands)
Eliashberg formalism. This type of theory was applied for the
d-wave pairing in cuprates with the assumption that the electrons
are coupled to the resonance spin fluctuation mode revealed by
inelastic neutron scattering**®. Along a similar line, we assume
that the observed (7,0) neutron resonance mode (for example,
14 meV in Ba, (K, 4Fe,As,) mediates pairing in the present system.
The detailed simulation process is presented in the Supplementary
Information and the results are given in Supplementary Figs S3 and
S4. It is found that the theoretical simulation can capture the basic
features of the tunnelling spectra by properly choosing the fitting
parameters. In particular, in this simulation, the mode feature is
situated at the dip position of the second derivative curve d*I /dV>
versus V. However, the strength of the mode feature at the energy
A+ 2 simulated by the Eliashberg theory is much weaker than
the experimental one shown in Fig. 2b. The fact that the tunnelling
mode feature disappears above T, and inside the vortex core, and
its energy is at A+ (2, suggest that the peak should be strongly
related to superconductivity. The universal ratio of 2/ksT, ~ 4.3
in two different systems with distinct transition temperatures and
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