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Momentum dependence of superconducting gap, strong-coupling dispersion kink, and tightly
bound Cooper pairs in the high-7, (Sr,Ba),_.(K,Na) Fe,As, superconductors
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We present a systematic angle-resolved photoemission spectroscopic study of the high-Tc superconductor
class (Sr/Ba);_, K Fe,As,. By utilizing a photon-energy-modulation contrast and scattering geometry we report
the Fermi surface and the momentum dependence of the superconducting gap, AK). A prominent quasiparticle
dispersion kink reflecting strong scattering processes is observed in a binding-energy range of 25-55 meV in
the superconducting state, and the coherence length or the extent of the Cooper pair wave function is found to
be about 20 A, which is uncharacteristic of a superconducting phase realized by the BCS-phonon-retardation
mechanism. The observed 40+ 15 meV kink likely reflects contributions from the frustrated spin excitations
in a J;-J, magnetic background and scattering from the soft phonons. Results taken collectively provide direct
clues to the nature of the pairing potential including an internal phase-shift factor in the superconducting order

parameter which leads to a Brillouin zone node in a strong-coupling setting.
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The recent discovery of superconductivity (7, up to 55 K)
in iron-based layered compounds promises a new route to
high-temperature superconductivity.!=® This is quite remark-
able in the view that 7. in the pnictides is already larger than
that observed in the single-layer cuprates. Preliminary stud-
ies suggest that the superconducting state in these materials
competes with a magnetically ordered state, and the proper
description of the ordered state lies somewhere in between a
strong correlation-mediated local-moment magnetism and
quasi-itineracy with stripelike frustration.>!> This calls for a
microscopic investigation of pair formation and related elec-
tron dynamics in these superconductors. Angle-resolved pho-
toemission spectroscopy (ARPES) is a powerful tool for in-
vestigating the microscopic electronic behavior of layered
superconductors.'® In this work we report electronic structure
results focusing on the details of the low-lying quasiparticle
dynamics on very high-quality (67,=<1 K and surface flat-
ness root mean square ~1 A) single domain single-crystal
samples, which allow us to gain insight into connections be-
tween the superconductivity and magnetism. We observe that
the electrons are strongly scattered by collective processes
around the 15-50 meV binding-energy range depending on
the Fermi-surface (FS) sheet while a magnitude-oscillating
gap structure persists nearly along the spin density wave
(SDW) vector of the parent compound. We also show that a
Cooper pair in this superconductor is strongly bound (
=<4a,). Our overall results can be self-consistently inter-
preted in a 7 phase-shifting order-parameter scenario.

ARPES measurements were performed using 18—60 eV
photons with better than 8—15 meV energy resolution, re-
spectively, and overall angular resolution better than 1% of
the Brillouin zone (BZ). Most of the data were taken at the
Advanced Light Source beamline 12.0.1, and a limited data
set were taken at Stanford Synchrotron Radiation Laboratory
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(SSRL) beamline 54 using a Scienta analyzer with chamber
pressures lower than 5X 107! torr. Linearly polarized pho-

tons were all used for the study. The angle between the E
field of the incident light and the normal direction of the
cleaved surface was set to about 45° (at 12.0.1). Single crys-
talline  samples of  Ba;_K,Fe,As, (T.=37 K),
Sr,_,K,Fe,As, (T.=26 K), and Sr,_NaFe,As, (T.=36 K)
were used for this systematic and class-independent study of
the kink phenomena. Cleaving the samples in sifu at 15 K
resulted in shiny flat surfaces. Cleavage properties were thor-
oughly studied and characterized by atomic-resolution scan-
ning tunneling microscope (STM) measurements, and the
surface was found to be flat, with a rms deviation of 1 A
[Fig. 1(c)] and rarely observed steps of size 6 A. Sample
batches with 67.~1 K and smooth STM images were se-
lected for UHV cleaves in the ARPES studies here. The uti-
lization of unique scattering geometries coupling with spe-
cific photon-energy contrasts (182 vs 402 eV) allowed
us to selectively suppress one of the FS sheets so that the
other can be studied in detail.

Quasiparticle behavior around the I'-FS sheets is shown in
Fig. 2. Two squarelike FS sheets were clearly resolved near
the center of the BZ, labeled as I'; and I, in Fig. 2(m). An
azimuthal variation in ARPES intensity around the FS pock-
ets was observed and found to be most pronounced at 40 eV
incident energy for the scattering geometry described above.
A comparison of quasiparticle dispersion measured along the
various k-space cuts suggests that looking roughly along the
cuts 30°-40° to the I' to (7r,0) line provides a clear spec-
troscopic view of the quasiparticle dispersion and line shape
behavior on the inner FS. This is also the cut that is nearly
parallel to the SDW vector (undoped compound). A bend in
the dispersion could be observed in the cut-2 data, which is
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FIG. 1. (Color online) Phase transition, magnetization, and STM
characterization. (a), (b) Bulk 7. of crystalline (Ba,K)Fe,As, and
(Sr,K)Fe,As, was determined based on the resistivity and magne-
tization profiles. (Ba,K)Fe,As, samples exhibited 7,=37 K and
8T.~1 K whereas (Sr,K)Fe,As, samples exhibited a broad
(~10 K) transition with a T.~26 K. (c) Surface quality was stud-
ied by atomic-resolution STM which revealed a high degree of
flatness and confirmed the suitability for spectroscopic measure-
ments. The derivative of a STM image is shown which was taken
on a 500 X500 A2 patch. The inset shows STM data in the super-
conducting state with a gap of 2A=30 meV and kink structures
around 40-50 meV loss energies.

not resolved in cut-1 or -3 data due to the spectral overlap
with the outer FS (two bands).

A closer look at the quasiparticle dispersion behavior is
presented in Fig. 3. A bend in dispersion is evident in the
momentum distribution curves (MDCs) taken on a crossing
near the I} FS (cut-4). Each MDC could be fitted with a
single Lorentzian over a wide binding-energy range and, as
in the raw data sets, the fitted peak positions trace a kink
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around 40+ 15 meV. This is further seen by examining the
peak position of the real part of the self-energy (Fig. 4).
Although it is less clear, the MDC width plotted as a function
of the electron binding energy is found to exhibit a drop
below 35 meV which is consistent with a kink in a nearby
binding energy as seen in the raw data. At temperatures
above T, the kink shifts to somewhat lower energies. As the
temperature is raised further the MDCs are broadened mak-
ing its identification or analytic extraction from our experi-
mental data difficult. In the MDC widths an increase is ob-
served at very low energies which is due to some residual
signal from the tail of the quasiparticles from the outer FS.
Our STM data in Fig. 1(c) also exhibit a satellite structure
around the 40-50 meV loss-energy range (with respect to the
quasiparticle peak position) consistent with the observed
ARPES kink. Assuming that the kink reflects coupling to
some bosoniclike modes, one can estimate the coupling
strength as \/;;=(0.7/0.45—1) ~0.6. This coupling is about
a factor of two to three larger than the electron-phonon cou-
pling (A, ~0.2) calculated for the Fe-As phonons near
20-40 meV.>® A careful look at the outer central FS (I',
band, cut-5) also reveals a kink around 18*+5 meV. This
kink is revealed when the band associated with the inner-FS
sheet is suppressed by a choice of incident photon energy
(18 eV).

If the kink phenomenon is intimately related to the pairing
potential one might expect some intercorrelation between the
kink energies and the superconducting gaps at different FS
sheets. In order to investigate this aspect we present the gap
evolution data taken in these kink-exhibiting samples in Fig.
5. The opening of the superconducting gap is viewed upon
symmetrization (see Ref. 17 for methods), and a gap magni-
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FIG. 2. (Color online) Fermi surface and quasiparticle behavior: (a) ARPES intensity integrated within =15 meV of Fermi level in
(Ba,K)Fe,As,. (b) Second-derivative image approximation of the Fermi-surface topology around the I' point. (c)—(e) Quasiparticle disper-
sion along cut-2 and its temperature evolution. (f) High-resolution fine-step binding-energy scans shown for some selected k-space points (A
and B) near the [1,0] and [1,1] axes on the outer FS surrounding the I" point and (C) on a separate FS close to the M point. (g)—(i)
Quasiparticle intensity profiles along k-space cuts 1-3. The k-space cut-2 strongly suppresses the outer FS and provides a clear spectroscopic
look at the quasiparticle that forms the innermost FS. Because of the spectral clarity this quasiparticle can be studied in quantitative detail.
(j) Fermi-surface image (*15 meV) taken on (Sr,K)Fe,As,. (k), (1) Wide k-range coarse-step scans are shown which were used for locating
the Fermi crossings. (m) ARPES intensity map within =15 meV of Fermi energy over the complete BZ measured with a photon energy of
18 eV. Hole-like (I'y, 'y, My;) and electron-like (M) Fermi sheets are labeled.
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FIG. 3. (Color online) Quasiparticle dispersion anomalies: (a)
quasiparticle band dispersion along cut-4 at 15 K. The k-space cut-4
is approximately along the Qg vector of the undoped compound,
as defined in Fig. 2(b). (b) Band dispersion for the T", quasiparticle
along cut-5 shows a small kink near 18 meV. (c)—(e) Close-up view
of dispersion along cut-4 near the 40 meV kink at 11 and 25 K. The
MDCs can be fitted by Lorentzians with linear backgrounds. (d), (f)
Quasiparticle line shapes for panels (c) and (e) are presented at
selected energies (10-70 meV).

tude of about 132 meV is quite evident at low tempera-
tures. This value is consistent with the spatially averaged gap
(<15 meV) we have obtained with STM [see Fig. 1(c)] on
the same batch of samples, and these observations (ARPES
in Fig. 5 and STM in Fig. 1) confirm that the kinks survive
the superconducting gap formation. Although our FS topol-
ogy and an intrinsic fluctuation regime differ from that in
Refs. 18 and 19, evidently, a more complex gap and a dif-
ferent FS topology (M pockets) have been realized in our
(Ba/Sr,K/Na)Fe,As, series than that in the NdFeAsO
series.!® The fine details here, made possible via selective
study of the bands, allow us to look for correlations between
the gap and the kink. The observed kink energies do (Fig. 3)
seem to scale (40 and 18 meV) with the superconducting gap
energies (13 and 6 meV) on the two central Fermi surfaces
(Fig. 4). The coupled cross sections of bands near the M
point [M},; and M, in Fig. 2(m)] for modulated incident pho-
ton energy make a systematic study of kinks in that region of
momentum space difficult. We note that our particular gap
structure is consistent with an order parameter that takes,
qualitatively, the form of A ,cos(k,)cos(k,) within the plane
[see fit in Fig. 5(e)]. Although fine details of the gap aniso-
tropy are not resolved due to the lack of resolution, the gap
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FIG. 4. (Color online) Quasiparticle kink in the superconducting
state: (a) by tracing the peak positions, quasiparticle band disper-
sion is plotted at T=11, 25, and 41 K. At all temperatures, the
dispersion curve shows a “kinklike” feature at 40+ 10 meV. The
gray dashed line illustrates the “bare” band used for the self-energy
estimation. The smaller kink at 18 £5 meV on the I', band is
shown in the inset measured at 11 K. (b) The real part of self-energy
is obtained by subtracting the gray dashed line from the experimen-
tal band dispersion. Peak position is used to define the “kink” po-
sition. The kink-2 data were taken at 11 K. (c) Fitted MDC width as
a function of binding energy for quasiparticles on I';. A small y-axis
offset in the 7=25 K data is due to temperature-dependent (nonin-
trinsic) shifting of beam position on the sample and of no physical
significance.

on the I'; FS is smaller than the I'; gap by a cos(k,)cos(k,)
factor, e.g., along the X axis:

c0s(0.407/12)%/c0s(0.277/\2)% = 0.58 ~ A(T,)/A(T,)
=7 meV/14 meV.

The large gap ratio, %ZS for the innermost gap of 13
meV, is a clear sign of strong coupling. The systematic os-
cillation pattern and FS topology in our data suggest that the
“node” of the cos X cos order parameter lies in between the
I', band and the corner pockets, but it clearly lies outside
(Fig. 5) the Fermi contour. Yet, we caution that our ARPES
data do not rule out the possibility of an out-of-plane (k.)
node in the order parameter; therefore, the case for com-
pletely nodeless superconductivity remains open. Existence
of such a node may explain the in-gap 7° behavior of NMR
data®® and could potentially be established by mapping the
ARPES gap distribution over a wide range of incident
energies.

A strong-coupling kink phenomenology is observed in the
electron dynamics of high-7, cuprates which occurs around
6020 meV, as observed by ARPES and STM, and is often
attributed to phonons, magnetism, or polarons with Nl
~1-1.5.1% In cuprates the superexchange coupling is on the
order of 130 meV, whereas the optical phonons are in the
range of 40—80 meV overlapping with the kink energy. In the
pnictides, although a T, value of 37 K is not outside the
phonon-induced strong-coupling pairing regime, the vibra-
tional modes of the FeAs plane are rather soft (=35 meV)
making the electron-phonon interaction™® an unlikely source
of the major part of the quasiparticle self-energy beyond 40
meV, considering that the observed coupling \/;;= 0.6 for the
FeAs compounds. The parent compounds of superconducting
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FIG. 5. (Color online) Momentum and Fermi-surface dependence of superconducting gap: (a) temperature dependence of quasiparticles
(cut-2) near the Fermi level through the superconducting transition. Below T samples exhibit coherence-peak-like behavior similar to what
is observed in some cuprates. Temperature dependence of the gap at the k-space location of (b) the innermost (I';) FS and (c) the outer
central (I';) FS is estimated by symmetrization around Ey. (d) The temperature dependences of the gaps measured at different FS locations
(', FS, blue; I'y FS, red; My, green; and M, black) are plotted along with the bulk resistivity curve (dotted green). A fluctuation regime
above T. is observed. (e) The azimuthal k dependences of gaps, A(k), are shown for different FS sheet locations on a polar plot. Blue and
red solid lines are contours of the cos X cos function for the Fermi surface outlined in Fig. 2(m).

FeAs exhibit a robust SDW ground state’ due to a Q
=(m,m) interband instability or due to the interaction of
quasilocalized moments, and the short-range SDW order
seems to survive well into the superconducting doping
regime.”! The doping evolution of the Fermi surface lacks
robust nesting conditions for pure band magnetism to be op-
erative at these high dopings, and the relevant magnetism
here likely comes from the local exchange energy scales in a
doping-induced frustrated background. Therefore, quite natu-
rally, strong spin fluctuations in the presence of electron-
electron interaction are important contributors to the self-
energy at high dopings. In accounting for the parent SDW
ground states of these materials, the known values of J; and
J, are on the order of 20-50 meV.'>!* In an itinerant picture,
there exists a Stoner continuum whose energy scales are pa-
rametrized by the exchanges whereas in a local picture, J,
and J, reflect Fe-Fe and Fe-As-Fe superexchange paths, and
the ground state is a highly frustrated doped Heisenberg
magnet.'"* The proper description of the experimentally ob-
served magnetism lies somewhere in between. In our photo-
emission process, removal of an electron from the crystal
excites the modes where the electron is coupled to, so the
observed quasiparticle breaks the locally frustrated magnetic
bonds (near-neighbor spin correlation) associated with en-
ergy costs parametrized by J, and J, which then contribute
an energy scale on the order of (J,+2J,)/2=<50 meV in the
self-energy of the doped system. Since this scale is large it is
expected that our 40 meV kink would survive above T,
which is consistent with our observation. Despite the high
signal-to-noise quality of our data, it is difficult to draw a
quantitative connection between the low-energy kink and
resonant collective spin mode?? without a full phase-diagram
study.

Our high-resolution (Fig. 3) measurements allow us to
estimate the Fermi velocity of the normal state to be about
0.7 eV A. Using the observed superconducting gap (ARPES
or STM data in Fig. 1) we can estimate the average size of

the Cooper pair wave function é= % by invoking the uncer-
tainty relation.>® Taking an average vy (Figs. 2 and 3) of

~0.7+0.1 eVA and a gap (Fig. 4) value of A
~13*2 meV, this gives £=20 A. This value is remark-
ably consistent with the high magnitude of He,
(~70 T) (Ref. 24) reported in the same materials. The
ARPES based Cooper pair scale and unusually high Hce,
clearly suggest that the Cooper pairs in this class of FeAs
superconductors are tightly bound which is in contrast to the
point-contact Andreev spectroscopy results on Sm-based
FeAs superconductors exhibiting a conventional BCS ratio.?
The agreement among ARPES, bulk Hc,, and the bulk resis-
tivity profile [Fig. 5(d)] provides further support for our
identification of the superconducting gap and its bulk-
representative value through our surface-sensitive measure-
ments (STM and ARPES) here. This also confirms that the
ARPES gaps are not the SDW gaps as theoretically claimed
by some authors. More importantly, such a small Cooper pair
size scale (~4a,) is not known in any phonon-based BCS
superconductor’® but has only been observed in unconven-
tional strongly correlated superconductors. Our observed
value is much smaller than that in the s-wave BCS-phonon
superconductors such as MgB,.?¢ In fact, the combination of
a small Cooper pair size and oscillating but in-plane nodeless
gap function is qualitatively consistent with an unconven-
tional A, cos(k,)cos(k,)-like order parameter (in the unfolded
BZ with one iron atom per unit cell) or s,2,2 or 5. wave
states®~!2 since such an order parameter (its Fourier trans-
form) has a nearest-neighbor (NN) or next-NN structure in
real space, and thus, a reduction in the Coulomb interaction
within the pair is naturally possible. In cuprates, pairing elec-
trons come close to each other, and the short length scale is
achieved by introducing a node in the order parameter (d
wave) leading to a reduction in Coulomb interaction within
the pair. This is often the only choice in a single band cor-
related system (cuprates, organics, or cobaltates). In pnic-
tides, multiband structure can accommodate a phase change
without the need for introducing a node?’ on the FS; there-
fore, an isotropic gap and a short pairing scale can coexist
with a phase-shifted order-parameter structure with a BZ
node. Our data suggest that the BZ node lies in between the
I', and the corner FS locations along the magnetic wave
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vector. Our data also suggest that at higher dopings (possibly
beyond x=0.4), this BZ node will intersect the sample FS
and a nodal superconducting state will be realized. While the
observation of the strong-coupling kink (~40 meV) is an
important first step, its detailed quantitative interpretation
will require complete a phase-diagram study once single
crystals become available also at higher dopings.

In summary, we have presented a Fermi surface and mo-
mentum dependence of the superconducting gap study of
high-T, superconductor class (Sr/Ba),_,K,Fe,As,. Our sys-
tematic spectroscopic data suggest an unusually small di-
mension of the Cooper pair, kink phenomena (seen both in
ARPES and STM around 40 meV in our data here), and an
oscillating gap function, all of which collectively point to an

PHYSICAL REVIEW B 78, 184508 (2008)

unconventional pairing potential. We have presented argu-
ments that in the presence of magnetism, the observed short
pairing scale and a nearly isotropic in-plane gap can be self-
consistently realized if the order parameter contains a non-
trivial internal 7= phase-shift factor.
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