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High-resolution angle-resolved photoemission measurements have been carried out on the (Sr,K)Fe,As,
superconductor (7,.=21 K). Three holelike Fermi-surface sheets are resolved around the I' point. One elec-
tronlike Fermi surface and strong Fermi spots are observed near the M (7, ) point which are different from a
round electron pocket expected from band calculations. This discrepancy and the observed band renormaliza-
tion ask for further theoretical effort in understanding the electronic structure of the Fe-based compounds.
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I. INTRODUCTION

The recent discovery of superconductivity in iron-based
RFeAs(O,F) (R represents rare-earth elements such as La,
Ce, Pr, Nd, Sm, etc.)!® and (A,K)Fe,As, (A represents
alkaline-earth elements such as Ba and Sr)”"'? has attracted
great attention because they represent second class of high-
temperature superconductors after the discovery of a first
high-temperature superconductivity in cuprates.!! Different
from the cuprates where the parent compound is a Mott
insulator,'? the parent compounds of the iron-based super-
conductors show a metallic behavior with a spin-density
wave (SDW) ground state.!>-!> This has raised an important
question on whether one should treat iron-based compounds
with an itinerant electron model'®!” or localized correlated
model.'8-2! Direct measurement of the electronic structure is
crucial in addressing this issue, and particularly, the effect of
electron correlation in this iron-based system.?>>*

In this paper, we report first direct measurements of the
Fermi surface and band structure of the (Sr,_,K,)Fe,As, su-
perconductor by angle-resolved photoemission (ARPES)
measurements. We have clearly identified three holelike
Fermi-surface sheets near the I' point of the Brillouin zone,
which is consistent with the band-structure calculations. We
also observe an electronlike Fermi surface and strong Fermi
spots near the M (7, ) point. The overall electronic struc-
ture, particularly around the M point, shows significant dif-
ference from the band calculations of BaFe,As,. In addition,
the observed bandwidth renormalization may suggest the im-
portance of electron correlation in understanding the elec-
tronic structure of the iron-based compounds. These results
provide important information in establishing the basic elec-
tronic structure of the iron-based high-temperature supercon-
ductors.

II. EXPERIMENTS

The angle-resolved photoemission measurements are car-
ried out on our laboratory system equipped with a Scienta
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R4000 electron energy analyzer with a wide angle mode
(30°).2 We use a helium I resonance line as the light source
which gives a photon energy of hv=21.218 eV. The light on
the sample is partially polarized with the electric-field vector
mainly in the plane of the sample surface [as shown in Fig.
1(b), bottom-left arrow]. The energy resolution was set at
12.5 meV and the angular resolution is ~0.3°. The Fermi
level is referenced by measuring on the Fermi edge of clean
polycrystalline gold that is electrically connected to the
sample. The (Sr;_,K,)Fe,As, single crystals were grown us-
ing the flux method,? and the crystal measured has a super-
conducting transition at 7,=21 K (onset) with a transition
width of 3.5 K (10%-90% intensity standard), as shown
from the magnetic measurement in Fig. 1(a). The precise K
content in the (Sr;_,K,)Fe,As, (T,=21 K) is to be deter-
mined. From the known 7, ~ x curve® relation it is estimated
to be x~0.25, so it is underdoped compared with optimal
doping at x=0.4 with 7.=38 K. The crystal was cleaved in
situ and measured in vacuum with a base pressure better than
6x 107! Torr.

Figure 1 shows the Fermi surface [Fig. 1(b)], band struc-
ture [Figs. 1(c) and 1(d)], and corresponding photoemission
spectra [energy distribution curves (EDCs)]| [Fig. 1(e)] on
(Sr,K)Fe,As, single crystal around the I'(0,0) point at a
temperature of 45 K. The spectral weight distribution inte-
grated over a narrow energy window [-5 meV, 5 meV] near
the Fermi level [Fig. 1(b)] gives a good representation of the
measured Fermi surface. Three Fermi-surface sheets can be
clearly identified around the I' point from Fig. 1(b), as
marked in Fig. 3. The first is the well-defined inner small
Fermi-surface sheet. The second is defined by nearly straight
lines that can be clearly seen in Fig. 1(b). The third Fermi-
surface sheet is defined by the outer strong intensity patches.
We note that the overall spectral weight distribution is not
symmetrical with fourfold symmetry with respect to the I"
point. This is due to the photoemission matrix element effect
because the main electric-field component of the light is
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FIG. 1. (Color) Fermi surface, band structure, and photoemission spectra of (Sr,K)Fe,As, (T,=21 K) near the I point measured at 45
K. (a) Magnetic measurement of the superconducting transition temperature (7.) of the single crystal under ARPES measurements (zero-field
cooled, magnetic field H=1 Oe). (b) Spectral weight integrated within [-5 meV, 5 meV] energy window with respect to the Fermi level as
a function of k, and k,. The black arrow near the bottom left marks the main electric-field direction on the sample surface from the light
source. (¢) Original photoemission images measured along the four typical cuts as marked in (a). The top panel shows the momentum
distribution curve at the Fermi level for the photoemission image of cut 1. (d) Corresponding second derivative images of (c). (e) Photo-
emission spectra along the four cuts with EDCs at the Fermi momenta colored and marked.

along one particular diagonal direction as marked in Fig.
1(b).

Figure 1(c) shows photoemission data taken along several
typical momentum cuts as marked in Fig. 1(b). The corre-
sponding second derivative images, obtained by taking the
second derivative on photoemission spectra with respect to
the energy at each momentum, are shown in Fig. 1(d). This is
an empirical but effective way in highlighting the underlying
band structure.?” From Figs. 1(c) and 1(d), three Fermi cross-
ings can be seen, as marked by three arrows on the data for
cut 1, which correspond to three Fermi-surface sheets near
the I' point. The Fermi momentum can be determined from
the peak position in the momentum distribution curve
(MDC) at the Fermi energy Ep, as shown in the top panel of
Fig. 1(c). The measured bands further indicate that all of the
three Fermi-surface sheets are holelike. These band disper-
sions and the Fermi crossings can also be seen from the
corresponding photoemission spectra for the four cuts with
the EDCs at the Fermi crossings marked by colored lines
[Fig. 1(e)]. For the inner small Fermi sheet, clear EDC peaks
are observed at the momentum crossings kps; and kpsp in
Fig. 1(e) for cuts 1 and 2. There is also a weak but visible flat
band near —0.13 eV around the I" point.

Figure 2 shows photoemission data of (Sr,K)Fe,As, mea-
sured around the M(r, ) point at 45 K. The spectral weight
distribution [Fig. 2(a)] shows two strong intensity spots, S1
and S2, along the I'(0,0)-M (7, 7)-(27,2) line, with their
locations nearly symmetrical with respect to the M(r,m)

point. On both sides of the I'(0,0)-M (7, m)-(27,27) line,
there are two patches of strong intensity. The maximum in-
tensity contours on the two patches are not enclosed, and
also, the two strong intensity spots appear to be isolated from
the patches. These give rise to some disconnected Fermi
crossings identifiable around the M (7, 7) point, as marked in
Fig. 3. From the band-structure measurements [Figs. 2(b)
and 2(c)], it is clear that the strong intensity spot, S1 in Fig.
2(a), originates from the band near the upper-left corner of
Figs. 2(b) and 2(c) for cut 1. From Fig. 2(c), it is also clear
that near the M(r, ) point, the main electronic features are
the two flat bands which are ~30 and ~80 meV below the
Fermi level. The ~30 meV band crosses the Fermi level and
forms an electronlike Fermi-surface sheet near the M (1, 7)
point that corresponds to the contour of the maximum inten-
sity contour of the two patches [as marked in Fig. 3(a) near
the M point].

Figure 3 summarizes the overall Fermi surface of
(Sr,K)Fe,As, by combining both measurements around the
I' [Fig. 1(b)] and M points [Fig. 2(a)]. Three holelike Fermi-
surface sheets are resolved around the I' point, which are
different from the two Fermi-surface sheets observed in
(Ba,K)Fe,As, compounds.>*>* Interestingly, the shape of the
three Fermi-surface sheets appears to be not circular but is
more similar to squares. The enclosed area of the inner,
middle, and outer Fermi sheets are ~0.06, ~0.28, and
~0.52, respectively, with a unit of (7/a)?. On the other
hand, for the M point, there is an electronlike Fermi-surface
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FIG. 2. (Color) Fermi surface, band structure, and photoemission spectra of (Sr,K)Fe,As, near the M(, ) point. (a) Spectral weight
distribution integrated within [-5 meV, 5 meV] energy window with respect to the Fermi level as a function of k, and k. (b) Original
photoemission images measured along the four typical cuts as marked in (a). (c) Corresponding second derivative images of (b). (d)
Photoemission spectra along the four cuts with EDCs at the Fermi momenta colored and marked.

sheet associated with the Fermi crossings on the strong in-
tensity patches [as marked near the M point in Fig. 3(a)].
However, because the patches are not enclosed near the M
point, which is probably due to the matrix element effect and
the appearance of two strong Fermi spots, S1 and S2, we
need to further determine whether the two strong spots and
the patches are independent or they belong to the same elec-
tronlike Fermi-surface sheet. Figures 3(b)-3(d) show spectral
weight distribution integrated over different energy ranges
away from the Fermi level. The strong Fermi spot S1 moves
away from the M point with increasing binding energy,
which is consistent with the band dispersion as seen from
Figs. 3(b) and 3(c) (cut I, upper-left band). On the other
hand, the electronlike Fermi surface defined by the patches
gradually shrinks toward the M point. This clearly indicates
that the two strong Fermi spots, S1 and S2, are independent
from the electronlike Fermi-surface sheet defined by the
patches near the M point.

Figure 4 shows an overall band structure of (Sr,K)Fe,As,
along typical high-symmetry lines. This measurement, to-
gether with Fermi-surface information (Figs. 1-3), makes it
possible to have a direct comparison with theoretical calcu-
lations. Since there are no band calculations available on
(Sr,K)Fe,As,, we take the band calculations of BaFe,As,
(Refs. 24, 29, and 30) for comparison. This is reasonable
because of the following two reasons: (1) according to the
band calculation,” the band structure of SrFe,As, is quite
similar to BaFe,As,; and (2) band calculations on
(Ba,_,K,)Fe,As, indicate that upon potassium (K) doping in
the parent compound BaFe,As,, the band structure basically
follows a rigid-band shift.>*

The observation of three holelike Fermi-surface sheets
near the I' point is consistent with the band calculations.?

However, the overall measured band structure and Fermi sur-
face show significant differences from the band calculated
results,?*?*30 particularly around the M point, in terms of the
number, position, and shape of the bands. As shown in Fig.
4(c), four bands are expected from band calculations near the
M point within the 0.6 eV energy range with two bands near
—0.2 eV that give rise to two electronlike Fermi-surface
sheets around the M point.?® This is quite different from the
experimental results where only two shallow flat bands are
observed near ~—0.03 and ~—0.08 eV, and only one Fermi-
surface sheet is identified. Moreover, the extra band along
the I'-M cut [Fig. 4(a)] that gives rise to the strong Fermi
spots in the Fermi-surface mapping [Fig. 2(a)] is not present
in the band calculation [Fig. 4(c)].

III. DISCUSSION

The deviation between the measured and calculated elec-
tronic structures may arise from a couple of reasons. First,
although the band structure of (Sr,K)Fe,As, is expected to
be similar to that of BaFe,As,, it is desirable to compare the
measured electronic structure with the calculated one on the
same (Sr,K)Fe,As, when it becomes available. In addition,
there may be appreciable uncertainty in the band calculation
itself. For instance, for the same BaFe,As,, the calculation
by Liu et al.?* gives only two Fermi crossings around the I’
point while three crossings are expected from calculations of
other groups.?>? Second, there can be some uncertainty
caused by k, dispersion. For a given photon energy as we
used, the measured electronic structure corresponds to one
particular k, with its location to be determined. However, we
believe that this may not be the main reason because the
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FIG. 3. (Color) Fermi surface of (Sr,K)Fe,As,. (a) Spectral weight distribution integrated over a small energy window [-5 meV, 5
meV] with respect to the Fermi level. The Fermi momenta are marked by symbols. (b)—(d) Spectral weight distribution near the M (7, )
point integrated over energy windows of [-15 meV,-10 meV], [-25 meV,-20 meV], and [-45 meV,-40 meV], respectively, with

respect to the Fermi level.

bands near the M point are not strongly sensitive to k.23
Third, the effect of the SDW formation'> on the electronic
structure needs to be examined.*° The two flat bands near the
M point [Figs. 2(b) and 2(c)] are similar to those observed in
the parent BaFe,As, which may be related to the exchange
splitting in the SDW state.”> Fourth, the effect of the
chemical-potential shift needs to be taken into account. The
potassium (K*) doping in the (Sr,K)Fe,As, sample intro-
duces holes and is expected to lower the chemical potential
compared with the parent compound. Band calculations on
(Ba;_,K,)Fe,As, give a chemical-potential shift around 130
meV with x varying from 0 to 0.45.%* For (Sr,_,K,)Fe,As,
with x~0.25, one may expect a chemical-potential shift of
~70 meV, compared with x=0. Putting the 70 meV
chemical-potential shift downward into consideration, we
find that the measured bands near the M point [Fig. 4(a)] are
still hard to match with the calculated ones [Fig. 4(c)].?’ A
better correspondence seems to be possible if one assumes a
chemical-potential shift down by ~0.2 eV [as marked by a
red dashed line in Fig. 4(c)]. In this case, there is one extra
band along I'-M which resembles the one in Fig. 4(a) that
gives rise to strong Fermi spots in Fermi-surface mapping
[Fig. 2(a)]. Near the M point, this would lead to two occu-
pied bands with one band crossing the Fermi level to give an
electronlike Fermi surface. The shift of the chemical poten-
tial to match the measured and calculated band structures is
also proposed for another related compound LaFePO.?!
However, we note that while better agreement seems to be

realized by such a chemical-potential shift in (Sr,K)Fe,As,,
the physical origin of the shift is unclear. In addition, there
remain quantitative discrepancies between the measured and
calculated electronic structures in regard to the exact location
of the Fermi crossings and quantitative bandwidth.

Another noticeable difference between the measurement
and the band calculations is related to the width of the band
dispersions. As seen from the calculated band structure [Fig.
4(c)], the major occupied bands along the I'-M cut are spread
up to the 0.6 eV energy range for BaFe,As, while the ob-
served bands are confined within 0.15 eV in the measured
data [Fig. 4(a)]. We caution that because of the matrix ele-
ment effect involved in the photoemission process, it is pos-
sible that some bands may be suppressed for one excitation
photon energy. Also because the band structure near the M
point is quite different from the band calculations, it is hard
to make a clear correspondence between the measured and
calculated bands which is desirable to examine the band
renormalization effect. The three measured bands near the I’
point appear to have a better correspondence with the calcu-
lated three bands although it remains difficult to make an
exact correspondence. However, among the three bands near
the I' point along the I'-M cut in Fig. 4(a), two clear occu-
pied bands show bottom near 0.06 and 0.14 eV in binding
energy. These two bands, which are expected to belong to the
group of the three calculated bands, are significantly nar-
rower than the shallowest bands in the calculated band struc-
ture [Fig. 4(c)] where the bottoms of the three occupied
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FIG. 4. (Color) Energy bands of
(Sr,K)Fe,As, along high-symmetry lines. (a)
Original photoemission images (upper panels)
and the corresponding second derivative images
(lower panels) (Ref. 28). The locations of the mo-
mentum cuts are marked in the left-bottom inset.
(b) Corresponding photoemission spectra. The
corresponding momentum range is marked on top
of (a). (c) Calculated band structure along the
I'-M direction in BaFe,As, (Ref. 29).
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bands near the I" point are at 0.28, 0.44, and over 0.6 eV. The
measured band narrowing remains even when a possible 0.2
eV chemical-potential shift downward is considered. This
band renormalization effect suggests that electron correlation
may play a role in describing the electron structure of the
Fe-based compounds. A similar band renormalization effect
is also reported in a related LaFePO compound near the T’
point.3!

In summary, our angle-resolved photoemission measure-
ments have provided detailed electronic structure of the
(Sr,K)Fe,As, superconductor. Significant deviation between
the measured band structure on (Sr,K)Fe,As, and calculated
electronic structure on BaFe,As, is revealed. The observed

-0.3 -0.2 -0.1 0.0

bands show obvious narrowing when compared with the cal-
culated bandwidth of BaFe,As,. This information will ask
for further theoretical efforts in understanding the electronic
structure of the FeAs-based compounds.
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