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In order to determine the orbital characters on the various Fermi surface pockets of the Fe-based
superconductors Bag ¢Kg 4Fe;As, and FeSeg 45Teg 55, we introduce a method to calculate photoemission matrix
elements. We compare our simulations to experimental data obtained with various experimental configurations
of beam orientation and light polarization. We show that the photoemission intensity patterns revealed from
angle-resolved photoemission spectroscopy measurements of Fermi surface mappings and energy-momentum
plots along high-symmetry lines exhibit asymmetries carrying precious information on the nature of the states
probed, information that is destroyed after the data symmetrization process often performed in the analysis of
angle-resolved photoemission spectroscopy data. Our simulations are consistent with Fermi surfaces originating
mainly from the d,,, d.., and d,, orbitals in these materials.
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I. INTRODUCTION

The spectral intensity measured by various experimental
tools is modulated by matrix elements sensitive to the nature
of the states probed, as well as to the experimental setup.
For particular configurations, symmetry imposes that some
matrix elements vanish or reach maxima. Taking advantage of
such selection rules, one can extract precious information on
the probed states. For example, numerous textbooks describe
how to use Raman and infrared selection rules to reveal the
symmetry of phonons and other excitations. As with other
probes, symmetry plays an important role in the photoemission
process. It has been used often in the past to identify the nature
of the electronic states of various systems.'”’

Unfortunately, simple photoemission selection rules are
restricted to a few configurations, which are not necessarily
accessible with every experimental setup. Moreover, a slight
sample misalignment may cause a misinterpretation of the
data. In fact, the intensity variations in the momentum space
often look strange and asymmetric, and they are usually
neglected by ARPES experimentalists, who refer to them as
the nebulous matrix element effects. In some cases, Fermi
surface mappings are symmetrized to make them look more
“natural.” Despite several attempts reported previously to
reproduce experimental data,””'° the determination of the
orbital characters in ARPES experiments is still not performed
routinely, mainly due to the complexity of the calculations. A
simpler and more practical approach is needed to extract useful
information that is otherwise commonly sacrificed.

In this paper, we develop a systematic but simple approach
to the calculation of photoemission matrix elements in Fermi
surface mappings. We apply this technique to optimally doped
Bay ¢Ko4Fe,Asy, a multiband Fe-based superconductor for
which plenty of data are available in the literature,!! and to
FeTe( 55S0.45, an Fe-chalcogenide superconductor. A precise
knowledge of the determination of the orbital characters of the
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low-energy bands is particularly crucial in these materials,
for which superconducting pairing mechanisms involving
orbital fluctuations have been proposed.'> Our calculations
show remarkable agreement with experimental data in mul-
tiple experimental configurations of polarization and beam
orientation.

II. EXPERIMENT

In order to test our numerical approach, we performed
ARPES experiments on high-quality single crystals of
Bag ¢Ko4Fe,As, and FeTe 55S€e.45 under various conditions.
For each experimental setup, samples have been cleaved in
situ and maintained in ultrahigh-vacuum conditions. ARPES
Fermi surface mappings were performed at the Institute of
Physics, Chinese Academy of Sciences, in a weakly polarized
7 configuration using an MBS T1 microwave-driven helium
source (hv =21.2 eV) and a VG-Scienta R4000 electron
analyzer. Synchrotron-based experiments were also performed
at Swiss Light Source beamline SIS and at the 1-cubed ARPES
end-station of BESSY using a VG-Scienta R4000 electron
analyzer mounted in p and s configurations, respectively.
For these experiments, photons in the 20-138 eV range
with different circular and linear polarizations were used. All
measurements have been performed below 20 K.

III. DEFINITIONS AND CONVENTIONAL
SELECTION RULES

Photoemission is a complex quantum problem which is
far from easy to handle. For a simpler description, it is very
convenient to decompose this process into the three steps
of the so-called 3-step model:'? (i) excitation of an electron
of initial state | i) into a bulk final state; (ii) travel of the
excited electron towards the surface; (iii) transmission of the
excited electron through the surface into a final state | f)
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FIG. 1. (Color online) (a) Definitions of the p and s ARPES
configurations, along with the various angles used in the calculations.
(b) and (c) illustrate, respectively, the even and odd combination of
the d. and d,. orbitals, along with the definition of the 655 angle.

approximated by a plane wave. During the whole process, the
relaxation of the remaining electrons and their interactions
with the photoelectron are neglected. Within the 3-step model,
the matrix element characterizing the photoemission process
is given by

Miy = (f | A-r|i), (1)

where A is the potential vector associated with the incoming
photon and r is the position operator. For the sake of clarity,
we also disregarded a constant prefactor.

We present in Fig. 1(a) two commonly used ARPES con-
figurations that simplify the analysis significantly. We call A,
and A,, respectively, the components of the potential vector
parallel (7 polarization) and perpendicular (o polarization)
to the emission plane defined by the vector k along which
the photoemitted electron is ejected and the normal to the
sample surface. Similarly, the incident plane is defined by the
incident light vector and the normal to the sample surface.
When dealing with unpolarized light, it is also useful to define
two special configurations of the ARPES setup. Hereafter,
we call p and s the ARPES configurations for which the
incident and emission planes are parallel and perpendicular,
respectively. With 6; described as in Fig. 1(a), the potential
vector can be expressed in a more general configuration with
linear polarized light as

A= (A, Ay A) =(—A;cos6,As, Ay Sing)). 2)
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Right-handed circular polarization C4 and left-handed
circular polarization C_ are defined by A(Cy) = A, £ iA,,
and thus for circular polarized light we have

A(Cy) = (—Ay cosby, £iAy, Ay siné). A3)

Nonpolarized light is treated by adding separately the con-
tributions of 7w and o linearly polarized photons to the
photoemission intensity | M;; |*.

Since | M;r |> is a scalar observable, it must necessarily
transform under crystal symmetry operations like the fully
symmetric irreducible representation I'; of the corresponding
group in order to be different from zero. In other words, the
decomposition of the tensor product of I';, I' ¢, and I',, which
are the representations associated with | i), | f), and A -,
respectively, must contain I'y, which is possible only if their
total parity is even. The plane wave (r | f) = ¢/ is always an
even state with respect to the emission plane. With respect to
that same plane, the operator A - r has an even and an odd parity
for light polarization parallel (A ) and perpendicular (A, ) to
the emission plane, respectively. Knowing the parity of both
A - r and the final state from the experimental configuration,
one can deduce the parity of the initial state by choosing
a proper set of coordinates. For a tetragonal system with d
electrons like the Fe-based superconductors, the most natural
orientations for ARPES experiments is to align the sample (i)
with the Fe-Fe bonds parallel to the emission plane to probe the
electronic states along the I'-M direction (here defined in the
1 Fe/unit cell representation), or (ii) with the Fe-Fe bonds at
45° from the emission plane for ARPES measurements along
the I'-X direction. In these simple cases, the five orbital wave
functions d.2, d,, dy;, d.,, and d,>_ > form a convenient basis
to describe the initial state. It is often preferable though to
use linear combinations of d,, and d,, to construct the wave
functions d, and d,, which are odd and even with respect
to any emission plane, respectively, as shown in Figs. 1(b)
and 1(c). More specifically, we have

d, = d,; cosOps +d,; sinps, @)

d, = —dy; sinfOps + dy; cos Oy, 5)

where Ofy is the Fermi surface angle defined in Figs. 1(b) and
1(c). Although such approach has been used already to study
the Fe-based superconductors,'*! the various interpretations
are not always consistent, thus calling for alternative methods
for determining the orbital characters.

IV. COMPUTATIONAL DETAILS

In this section, we explain briefly how to use ARPES
intensity patterns to determine the orbital characters of the
Fe 3d electronic states near the Fermi level of Fe-based
superconductors. A more detailed calculation is given in the
Appendix. Here we focus only on the main steps.

Within the 3-step model, as mentioned previously, we use
the 3d atomic orbital wave functions {dy,,d,;,dy;.d;,d_ 2}
to characterize the initial state | i):

2
(r i) =Ra(r) Y anls'0.9), (6)

m=-2
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where a,, are coefficients, R3,(r) o< r>e"/3 is the longitudinal

part of the 3d atomic wave functions with r given in Bohr
radius units, and Y;"(6,¢) is the spherical harmonic with
angular moment / and azimuthal moment m. The final state,
here approximated by a plane wave function, can be expressed
in terms of the spherical harmonics as

(r] f)=e*r
= 4n2z Jitksr) Z Y™ (0. 00)Y," 0.6), (7)

m=—I
where jj(k s7)is the Bessel function. The photoemission matrix
element M le associated with the different spherical harmonic
Y3 becomes

Lo (fIA T [iim=2) = (AL + A + ALY,

(®)
where
00 1
Tgl_xky z = lep[(kf) Z Ylﬂ(ekv¢k)f;(lvu)v (9)
1=0 n=—I
piky) = 4 / drr’ Ruo(r)ji(k ), (10)

falipw) = fd9d¢ sin0Y/"(6,0)pa ¥ (6,9),  (11)

1
D =X/r = \/;(Yll — Yf),

S .
py=y/r= l\/;(Yl ")), (12)
p,=z/r=Y 10 .
The passage from these matrix elements to matrix elements
involving the 3d orbital atomic wave functions is performed
using the following relations:

_ 0
M7 = MY,

1
My = iy 5 (M7 + ).
. | -
My = ‘/E(Ml.fl - M), (13)

da_, 1 B
M = \/;(Mifz + M}).

In Figs. 2(a)-2(e), we give the ¢ dependence of the x, y, and
z components of these matrix elements for a photon energy of
21.2 eV, which corresponds to the I line of conventional He
discharge lamps, and for ks = 0.37/a, where a is the in-plane
lattice parameter. We used the fact that the standard Gaunt
coefficients f(/,;) are nonvanishing only for / = 1,3. In
addition, we found empirically that the coefficients p3(kf) =1
and p (k) = —2/5 reproduce the experimental data very well
over a wide range of photon energy. For a better comparison,
all the matrix element weights are normalized by z — M(d,).
We note that matrix elements for the purely in-plane orbitals
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FIG. 2. (Color online) (a)—(e) Angular dependence of the x (in
red), y (in green), and z (in blue) components of the photoemission
matrix elements related to the various 3d orbitals (see the text). (f)—(j)
Same as (a)—(e) but using the simplified matrix elements (see the text).
We used hv = 21.2 eV and kr = 0.37.
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dyy and d,>_,» are smaller than the other ones by a factor of
5, even though d,, d,;, and d,, are equivalent orbitals under
symmetry operations. This effect is caused by the smallness
of the angle 6, when using a photoenergy in this range. We
also point out that the z component of the d,> matrix element
is larger than any other, which indicates that the d,» matrix
element is more sensitive than others to a A, polarization.
Due to the fact that k, is not a good quantum number
in photoemission experiments, we introduce a few empirical
parameters to the formula describing the full matrix element
Mff and improve the agreement between simulations and
experimental data. The full matrix element is now expressed as
M, = (A:M) + AM) + A M. s w e )ws,  (14)
where § =d,d,;.d,;,dyy,dy>_>. From direct comparison
with experiments, we found out that the ratio between the
matrix elements associated with the d,, and d,; orbitals
is only 1/2 instead of 1/5. We thus introduced the weight
factor ws = {5(8 = dyy.,d,>_2),1 otherwise}. Within our
semiquantitative approach, these parameters are viewed
as phenomenological parameters compensating for our

214518-3



X.-P. WANG et al.

simplified model. They have been fixed at the same values for
all our simulations. For the study of Fe-based superconductors,
w, and y have been fixed to 4 and k,c + 37” respectively,
where c is the lattice parameter along the z direction.

Since ARPES allows only measurement of the intensity
1 [‘Sf(qbk) =|M fflz, and more precisely the relative distribution
of intensity in the momentum space, several prefactors can be
dropped in the calculations, including the imaginary prefactor.
Assuming small 6; in Eq. (9), we can simplify the matrix
elements as follows, keeping only the angular parts of the
matrix element components:

M(d,z) = (—cos ¢y, — singy, — 1),
M(d,;) = (1,0, — cos ¢x),
M(d,;) = (0,1, — sin¢y),
M(dy) = (sin ¢y, cos ¢y, — sin 2¢y),
M(d,>_y2) = (cos ¢y, — sin @y, — cos 2¢y),
M(d,) = M(d,;)cosOps + M(d,;)sinOfg,
M(d,) = —M(d,;)sinOfs + M(d,;) cos Ors.

The different components of these simplified matrix ele-
ments are given in Figs. 2(f)-2(j). Although their precise ab-
solute values differ from those of the components in Figs. 2(a)—
2(e), they carry essentially the same orbital information while
simplifying calculations significantly.

We now consider the effect of light polarization on
the photoemission response, which is widely known by
experimentalists to be important. We first start by the ex-
perimental observation of a difference, often called circu-
lar dichroism, between the photoemission response to left-
handed and right-handed circular polarizations. This effect can
have different origins.?’ For example, it has been attributed
to spontaneous breaking of the time-reversal symmetry in
Bi,Sr,CaCu,0s,5.2' This effect is quite different from the
circular polarization used in YBa;Cu3O;_g, for which circular
dichroism appears as a surface anomaly. It has been useful to
separate the photoemission contributions of the bulk and of
the highly polar surface resulting from the absence of a natural
cleaving plane in this material.>>* In this particular case,
only a nontrivial combination of the photoemission responses
to left-handed and right-handed circular polarized light can
allow a full separation of these two components.”

We note that besides these anomalous circular dichroism
effects, one should also expect asymmetric photoemission
response to C; and C_ light, depending on the geometry
of the ARPES configuration. Indeed, it has been shown that
unless the photoemitted momentum, the normal to the sample
surface, and the incident beam momentum are all coplanar
(p ARPES configuration) in a mirror symmetry plane of
the sample, circular dichroism can be observed.? Rather
than searching for an origin for circular dichroism in the
Fe-based superconductors, which goes beyond the purpose
of the current work, i.e., to extract useful information on the
orbital characters of the bands and FSs observed by ARPES,
here we simply try to describe its phenomenology and to add
it as a tool to determine the orbital characters of bands.

By working out the details of Eq. (13), one can show
0=d 2 ,dxz,dy: . dxy.d,2
that all the matrix elements My—y y . =

2
" have pure
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imaginary values. Assuming the form of the potential vector
given in Eq. (3) for circular polarization, we deduce that the
photoemission intensity for Cy. polarized light is given by
) 5 |2
ICi & ’Mci‘
x |An( — oS Q,Mf + sin@,Mf) + iA(,Mf,|2
|2

— AZ| —cos ;M2 +sin 6, M2|” + A2|M2P. (15)

The previous equation indicates that there should be no
difference between the photoemission responses to Cy and C_
polarized light if all the matrix elements have pure imaginary
values, which is supposed from Eq. (13). To account for the
difference occurring in real experimental data, we add a phase
to each matrix element. The photoemission intensity when
circular polarized light is used thus becomes
Iéi x |A,,( — cos 9,M)‘§eiy‘ + sin QIMfeiVZ) + iA(,Mieiy" 2

(16)

The addition of phase factors to each matrix element also
influences the photoemission intensity 7, corresponding to -
polarized light and the photoemission intensity I, associated
with o-polarized light, which are now respectively expressed
as

ny x |An(—c0591MfeiV‘ +sin01Mfei”f)|2 (17)
and

I3 o [Ag Mie |, (18)
These later considerations allow us to predict appropriate
phenomenological forms for the photoemission intensity
responses to circular and unpolarized light in the common
p and s ARPES configurations. As illustrated in Fig. 1(a), the
photoemitted electrons in the p-type ARPES configuration are
collected in the k,-k, plane. For odd symmetry orbital charac-
ters, we then have ij:"dd =0, Mf:"dd =0, but Mf.:"dd # 0,
while for even symmetry we get M3~V o£ 0, M2=even =£ (),

but Mf,:""’e“ = 0. As a consequence,

— . iy |2
7Y o | £ iA Me™ |,

Ig:even(n) o' ’An( — COS QleeiJ/.x —+ sin@zMgeiyz)|2.

From these later equations, we can conclude that in the p
configuration, there is no difference between C and C_ along
the high symmetry line cut, a result valid for both odd and
even orbital characters and consistent with a previous work.?’
This contrasts with the intensity predicted for a nonpolarized
light excitation. Since the photoemission intensity /o, for a
nonpolarized light excitation can be described by the sum of
I, and I, we have

2

)

18=04 () o |A0M;Sei”v

I&:even(j.[) x |Aﬂ( — CoS QZM)fEiV‘ + sin 91M§€iy1)|2-

non

These equations indicate that in the p ARPES configuration,
even symmetry orbitals may lead to an intensity asymmetry
along k,, but not the odd symmetry ones.

In the s configuration, electrons are collected in the
ky-k; plane, and we should expect different selection rules.
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Indeed, we now have for the odd symmetry orbital char-
acters M= =£0, but M=% =0 and M;S:"dd = 0. For
the even symmetries, the experimental configuration im-
poses M)=="" =0, but MJ=*"*" 2 0 and MJ=*"" 2 0. Con-
sequently, the photoemission intensity response to circular
polarized light in the s configuration becomes

Ig:"dd(a) o |Az (= cos 6, M2e'") 2

1325 (0) oc | Aq (sin g MPe'™) £iA, M2 |,

In contrast to the p configuration, the equations show that
we can expect circular dichroism in the s configuration, in
agreement with a previous work focused on core levels.?’ The
use of circular polarized light is also a useful way to determine
the symmetry of the band structure. As for the photoemission
response to nonpolarized light in the s ARPES configuration,
we now have

1=%(g) o |Ag (= cos 6, MPe™) |

non

3

255 (0) o | Az (sing M2e'™))> + |A0Mf,ei”v“ 2,

non

Even though the comparison between the photoemission in-
tensity recorded with linear 7 -polarized and o -polarized light
gives the strongest contrasts, some assumptions on the sym-
metry of bands can still be made based on data recorded with
nonpolarized light, such as a traditional He discharge lamp.

V. ORBITAL CHARACTERS IN Ba, (K sFe;As;

Following LDA band calculations indicating that the orbital
weight around the Fermi level in Bag 6K 4Fe> As; is dominated
by the Fe 3d orbitals d,., d,., and d,,, we only considered the
related matrix elements in our simulations. More specifically,
LDA predicts that there are three holelike Fermi surfaces
centered at the I" point with d,,, d., and d, orbital characters.
Previous ARPES results also show the existence of 3 holelike
Fermi surface pockets centered at I', two of them being nearly
degenerate.%2%28 Following a previous notation, here we call
B the outer Fermi surface, and « and o the two others,
which will be considered degenerate in our simulations. At
M = (7,0), here defined in the 1 Fe/unit cell description,
theoretical calculations predict a Fermi surface pattern formed
by the hybridization of 2 ellipses. For k, = 0, the ellipse
tips have a d,, orbital character while the inner part comes
from dy, and d,,.”** This orbital distribution around M is
reversed for k, = m. Theoretical calculations also predict a
nonnegligible k. variation at the M point*-3! that is not
observed by ARPES.?® While ARPES performed for several
Fe-based materials with different cleaving surfaces reveals k,
variations of the electronic band structure at the I" point,'! the
reasons behind this experiment vs theory discrepancy for the
electronic band structure at the M point are still under intense
debate. In our simulations, we use as M-centered electronlike
Fermi surface pockets the k,-invariant hybridized functions
determined from a three-band model:*?

(dry/ys) = dyty - i sinOpg — dyy (1 - cos” Ops + €2,), (19)

(dyzxy) = dxztg 1cosOps — dyy (té . sin? Ors + 62},), (20)

where we imposed 7; = #; = 1 and €}, = 0.1 for convenience,
these parameters making the weight of different orbital char-
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acters similar to random phase approximation (RPA) results.
As we show below, such functions are at least consistent with
the ARPES observations.

Figures 3(a)-3(d) show the Fermi surface intensity pat-
terns of Bay Ko 4Fe,As; in various configurations. For each
experimental pattern, we give in the second column from the
left the corresponding result from our calculations using the
orbital configuration given above [Figs. 3(e)-3(h), simulation
Al]. The size of each Fermi surface used in the calculations is
chosen to match approximately the size of the corresponding
experimental Fermi surface. We note that small variations
in the Fermi surface sizes do not have a qualitative effect
on the calculated patterns. In the first experimental config-
uration, light is o polarized along the x-axis direction. The
experimental results indicate much stronger weight at the M
point than for the I'-centered Fermi surfaces. The intensity is
even weaker for the 8 band, especially along the k, direction.
Since the polarization is parallel to k,, this result suggests
that the 8 band must have an odd symmetry along both &,
and k,, and we thus tentatively associate the 8 band with a
dy, orbital character, leaving d, and d, symmetries for the
nearly degenerate @ and « bands. In this configuration, our
simulation shows a much stronger intensity at the M point
than for the I'-centered Fermi surfaces, in agreement with
experimental data. Moreover, it predicts weaker intensity on
the outer I'-centered Fermi surface, with even weaker spectral
intensity along the k, direction, which is also consistent with
the experiment.

To test our approach and our orbital attributions further,
we show in Fig. 3(b) results obtained at 21.2 eV (near k, =
0%%) with light 7 polarized along I'-X (/2,7 /2). The Fermi
surface mapping is quite counterintuitive, with very strong
intensity spots found on the I'-centered Fermi surface pockets
in the first quadrant. The result also indicates strong intensity
on the tip of the ellipse that has been measured. Surprisingly,
even such a peculiar Fermi surface pattern is qualitatively well
reproduced by our simulation displayed in Fig. 3(f), except
perhaps for a weaker intensity on the inner I"-centered bands
than expected. This good agreement between simulation and
experiment reinforces our initial orbital assignment.

In Figs. 3(c) and 3(d), we present the Fermi surfaces
obtained with nonpolarized light from the I« spectral line of a
helium discharge lamp (hv = 21.2 eV) for a beam incidence
aligned along the I'-X and I'-M directions, respectively.
Although both configurations give rise to much stronger
intensity along the M-centered Fermi surface elongated along
k. than the one elongated along k,, the Fermi surface patterns
are quite different around the Brillouin zone center. While the
map obtained with the I'-X orientation of the light shows
spectral intensity almost suppressed in the third quadrant,
the intensity has a more symmetric distribution in the map
recorded in the I'-M configuration, albeit for an intensity
slightly smaller below the k, = O line than above. Moreover,
the B Fermi surface exhibits an additional suppression of
intensity along k, and k,. Once more, our simulations,
displayed in Figs. 3(f) and 3(g), explain well the strange
spectral weight intensity distribution found experimentally.

In the third column from the left in Fig. 3, we illustrate
the sensitivity of our approach to distinguish between two sets
of simulations by displaying simulation results (simulation B)
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FIG. 3. (Color online) Fermi surface intensity patterns of Bag¢Ky4Fe,As,. (a)—(d) Experimental results with different photon energies,
polarizations, and incident beam directions. (¢)—(h) Corresponding simulated results using the simplified model described in the text (simulation
A: optimized orbital configuration). The inner I'-centered o and «’ Fermi surface pockets with d, and d, orbital characters are considered
degenerate. The outer one (8 band) is associated with the d,, orbital. The tip of the M-centered Fermi surface pockets has pure d, or d, orbital
characters while the inner part carries a dominant d,, orbital character. (i)—(1) Same as (e)—(h) but using a wrong orbital assignment (simulation
B). The orbital characters of the 8 and &’ bands have been exchanged compared to simulation A. The orbital characters of the tip and inner
part of the M-centered FS have also been exchanged. Red double arrows and blue arrows indicate the in-plane components of the orientation

of the light polarization and direction, respectively.

using a wrong orbital assignment. As compared to simulation
A, we exchanged the orbital characters of the &’ (d, in
simulation A) and B (d,, in simulation A) bands. We also
switched the orbital characters around the M point, where
now the tip is considered to have a d,./d,, character as
opposed to a d,, orbital character for the inner part. Although
the results seem also good when using o-polarized light, the
agreement becomes much worse for other configurations. This
observation is valid not only for the § band, but also for
the Fermi surface intensity pattern at the M point, which
is mainly aligned along k, rather than k., in contrast to the
experimental results and to simulation A. For these reasons,
we argue that the orbital configuration used in simulation A is
at least compatible with the experimental results, whereas the
one used in simulation B must be discarded.

Additional information can be obtained from the simula-
tions away from the Fermi level. In Fig. 4 we display the
ARPES intensity plots of Bag K 4Fe;As; recorded along the
M-T" direction using 138 eV photons. This photon energy
corresponds to k; = m, where the « and o’ bands have
the largest separation and thus their apparent degeneracy
is removed.”® As expected, the intensity pattern is strongly

polarization dependent. While the M-centered bands have
very high intensity for o polarization as compared with the
I"'-centered bands, the opposite is observed for  polarization.
The spectrum obtained with circular polarization is more or
less ahybrid of the two others. Interestingly, the spectral weight
is strongly asymmetric with respect to the zone center when
using 7 polarization, whereas it is almost symmetric for the
spectrum recorded with o polarization.

The dispersions and Fermi wave vectors of the various
bands can be approximated from the intensity plots as well
as from the corresponding curvature intensity plots,>> which
are given in the second row of Fig. 4. Using this information,
we performed simulations for energies away from the Fermi
level. The results are compared directly to the momentum
distribution curve (MDC) profiles in Fig. 4. To simplify,
we attributed the same half-width at half maximum to each
band. Despite this simplification, the simulations allow a
good understanding of the MDC profiles. For example, the
simulations predict the relative symmetry and asymmetry of
the photoemission intensity with respect to the zone center.
More importantly, they allow us to pin down the orbital
characters of the o and o’ bands. Symmetry imposes that the

214518-6



ORBITAL CHARACTERS DETERMINED FROM FERMI . ..

o-Pol

E-Er (meV)

PHYSICAL REVIEW B 85, 214518 (2012)

a-Pol

~ Fa |
©
N—’
2 o0s
(%)
C
S
E O.O 11 1 1 I L1 1 1 I I I f S o O LI L.} l L1l 1 1 L1 1 1 I i | O | I EE L L L1 1 1 I L1 11
-1.5 -1.0 -0.5 00 05-15 -1.0 -0.5 0.0 05-1.5 -1.0 -0.5 0.0 0.5
k, (n/a) k, (r/a) k, (m/a)
'I T :I T ! T T T T T T T T T ! T T : T B
100 P . td, i
% o-pol P e i
— P 7-pol VA
—~ L . - - R
> o -
) {
4? 0.5 E .
2} . :
L s : _
g N NSD
e d P P\ T
— x Xz : dxyE ]
O-O 1 1 1 1 | 1 1 1 1 | L 1 1 1 | 1 1 1 .I
-1.5 -1.0 -0.5 0.0 0.5
k, (n/a)

FIG. 4. (Color online) First row: ARPES intensity plots of Bay Ky 4Fe,As, recorded along the M-I" direction using 138 eV photons and (a)
o, (b) m, and (c) circular right polarizations. Second row: Corresponding 1D curvature intensity plots (Ref. 33) along the momentum direction.
Third row: Corresponding MDC profile integrated within 10 meV below Er, compared to profiles simulated using the same half-width at half
maximum for each band. (j) Direct comparison of the MDC profiles recorded with o (red) and 7 (blue) polarizations.

intensity of the d, band vanishes when using o polarization
along that particular direction. Accordingly, only two bands
are observed around I' in this configuration. In contrast, both
the dy, and d, bands should vanish around I' when using 7
polarization. Accordingly, only one band is detected around
I' using 7 polarization. Since these bands have different
Fermi wave vectors, their orbital characters appear clearly after
superimposition of the MDC profiles of the spectra recorded

with the o and 7 polarizations, as illustrated in Fig. 4(j). For
instance, we conclude that while the innermost band, the o
band, has a d, symmetry, the &’ band corresponds to the even
combination of the d,, and d, orbitals. Our simulations also
confirm that the B band carries adominant d,, orbital character.

Even though the situation is a little more complicated
around the M point due the weaker photoemission intensity
with r-polarized light, our simulations reproduce qualitatively
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FIG. 5. (Color online) (a) and (b) give the ARPES intensity in the p configuration with C, and C_ polarizations, respectively. (¢) MDC
profiles near E corresponding to (a) and (b). (d) and (e) Simulated ARPES intensity in the p configuration with C, and C_ polarizations,
respectively. (f) MDC profiles near Er corresponding to (d) and (e). (g) and (h) show the ARPES intensity in the s configuration with C,
and C_ polarizations, respectively. (i) MDC profiles near Ef corresponding to (g) and (h). (j) and (k) Simulated ARPES intensity in the s
configuration with C and C_ polarizations, respectively. (I) MDC profiles near Er corresponding to (j) and (k). To simplify the simulations,

we chose y = 7 /4.

well the experimental MDC profiles given in Figs. 4(g), 4(h),
and 4(i), and suggest that the orbital character at the tip of
the electronlike Fermi surface pockets with ellipsoidal shape
is dy; (dy;). This conclusion differs from a previous ARPES
study on Co-doped BaFe;As, that rather attributed d,>_ > and
d» characters to the tip,!” which does not show up at the M
point in LDA band calculations.?'**3> However, both ARPES
studies indicate that the shape and orbital characters of the
Fermi surfaces at the M point are preserved along k, in contrast
to LDA band calculations.

We now investigate circular dichroism for the band structure
at the I' point and demonstrate that it contains information
on the orbital characters of the different bands. Figures 5(a)
and 5(b) show the experimental data obtained in the p ARPES
configuration using C; and C_ incoming light, respectively.
As expected from the selection rules derived in the previous
section for this particular setup and in agreement with our
simulations displayed in Figs. 5(d) and 5(e), we do not observe

strong variations between the two sets of data. This is also
confirmed by the near-Er MDCs shown in Fig. 5(c) as
well as the simulated ones given in Fig. 5(f). Interestingly,
the experimental data only show strong intensity for the
degenerated inner band [«w(odd symmetry) and/or «'(even
symmetry)], but not for the S(odd symmetry) band. This
behavior is captured by our simulations and confirms that the 8
band has a odd symmetry orbital character. From our selection
rules, we deduce that mainly the &’ band is observed in this
configuration.

The situation becomes quite different for the data recorded
in the s configuration, once again using C; and C_ incoming
light. The corresponding experimental data are illustrated in
Figs. 5(g) and 5(h), respectively, and the MDC profiles near E ¢
are displayed in 5(i). When switching from C to C_ polarized
light, the observed asymmetry in the intensity is qualitatively
reversed with respect to the I' point. As expected from our
simulations given in Figs. 5(j) and 5(k), the largest switch in
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FIG. 6. (Color online) (a)—(c) Fermi surface intensity patterns of Baj¢Ko 4Fe,As, recorded with 60 eV circular polarized light. The white
arrows show the direction of the incoming light. (d)—(f) Corresponding simulation results.

the intensity asymmetry is found on the inner band that has
an even symmetry orbital characters. Although observed, this
effect is less pronounced for the intensity of the B band.

Circular dichroism is also very well illustrated by the
Fermi surface intensity patterns recorded on Bag ¢Kg 4Fe,As;
using 60 eV circular polarized light, which are displayed
in Figs. 6(a)-6(c). While the intensity on the right side is
much stronger when using C, polarization, the situation is
reversed when using C_ light. This effect is also reproduced
by our simulations given in Figs. 6(d)-6(f). Interestingly, a
comparison of Figs. 6(b) and 6(c) indicates that the pattern
rotates when the beam incidence rotates as well. It is worth
noting that with circular polarized light the minimum of
intensity occurs always on one side of the incoming beam
direction whereas it is observed away from the incoming beam
side when nonpolarized light is used, as suggested by Figs. 3(c)
and 3(d).

At this stage we would like to clarify how we determined
the phase y;s that appears in Eq. (14). Although we do not
understand its complete meaning, which goes beyond the
purpose of the current paper, we can intuitively relate this
phase to the discontinuity along k. at the surface of the sample.
To fix this parameter, we measured the electronic dispersion
along k;, as we now explain. Despite the 3D nature of the
crystal and electronic structures of materials measured in
ARPES, this technique is so to speak essentially a 2D probe
since the momentum perpendicular to the surface exposed
is not a good quantum number. However, within the nearly
free electron approximation for the final state,’® access to the
third dimension of momentum is often possible by varying the
energy of the incident photons. The momentum along the z

direction is then given by

2
ko= h_rg\/(hv — ® — Ep)cos? 0 + Vy, 2D

where 6 is the angle between the emission direction and the
normal to the surface, m is the free electron mass, and Vj is
the inner potential, which is determined experimentally.

The photoemission intensity is expected to change with
photon energy due to the photoemission cross section’’ and
can even show resonances at particular photon energies.
Photoemission measurements over a wide photon energy range
can indeed be used to determine the elemental characters
of the state probes.'**3 Experimentally, additional effects
that cannot find a simple explanation in the photoemission
cross section are observed. Figures 7(a)-7(e) show such an
interesting phenomenon: the energy-momentum photoemis-
sion intensity measured on Bag Ko 4Fe,As, samples with C.
polarized light exhibits an asymmetry that varies with photon
energy. At 38 eV, the left part of the spectrum has a much
weaker intensity than the right part. This is no longer the
case at 46 eV, where the two sides show almost equivalent
intensity. The asymmetry is even reversed at 52 eV, with the
left side of the spectrum being much stronger than the right
side. The intensity on both becomes almost equal once more
at 60 eV before recovering the initial pattern at 66 eV. After
finding the k, correspondence of each photon energy using
Vo = 14.5 eV (similar to the value reported previouslyzg), we
can plot the normalized intensity difference between the left
and right sides of the spectra as a function of k,. The results
are displayed in Fig. 7(f). Interestingly, the data can be fitted
by a cosine function with k,c + 3w /2 as argument, where
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FIG. 7. (Color online) (a)—(e) ARPES intensity plots of Bay sKo 4Fe, As, recorded around the I" point with C;. polarized light. (f) Normalized
intensity difference between the left and right sides of panels (a)—(e). The photon energy has been converted into k, using an inner potential
Vo = 14.5 eV.28 (g) Photoemission intensity plot of the electronic dispersion of Bagy Ky 4Fe;As, as a function of k.. The data have been recorded
between 30 and 90 eV using C. light. (h)—(j) Simulations corresponding to the experimental conditions in (g). The phase y; of Eq. (14) has

been fixed to k,c + §.

c = 6.6 A is the lattice parameter of the primitive unit cell,
which is equivalent to the distance between Fe layers.

This strange behavior of the photon energy dependence of
the intensity extends beyond the 38—66 eV range. Figure 7(g)
reveals oscillations in the 30-90 eV range, as k,; goes up and
crosses different Brillouin zones. This range corresponds to &,
variations between 77 /c and 11 /c. The Z positions coincide
with k, values with the largest k positions, i.e., k, = 77/c,
91 /c, and 117 /c, whereas the I" positions coincide with k, =
8m/c and 107 /c. For each Brillouin zone, the signal on the
left-hand side is quite strong as we increase k, from I" to Z,
while the signal is much weaker on the right-hand side. The
situation is completely reversed with k, increasing from Z to

I', with the spectral intensity switched from one side to the
other. To obtain this effect in the simulations, the phase y; has
to be fixed to k.c + 37” over the whole range [see Fig. 7(i)].
A variation in the phase leads to simulated results completely
inconsistent with the experimental data and justifies our choice
of phase. However, a deeper knowledge of the details of the
photoemission process would be needed to provide an ab initio
value for this parameter.

VI. ORBITAL CHARACTERS IN FeTe, s5S€.45

We now check our method to determine the orbital
characters in FeTeg s5Sep4s5. Figures 8(a) and 8(b) show two
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FIG. 8. (Color online) Fermi surface and band structure of FeTe( ssSe 45. (a)—(b) Fermi surface intensity plots recorded with unpolarized
photons (21.2 eV) directed along I'-M and I'-X, respectively. (c)—(d) Corresponding simulations for the d, band, with the light momentum
indicated by the white arrows. (¢) ARPES intensity cut recorded along the blue line in (a). (f) Simulations of the intensity cut in (e).

Fermi surface intensity patterns of FeTeyssSepss recorded
with a helium lamp in the p-type ARPES configuration. The
two measurements differ only by the orientation of the light
momentum, which is aligned along I'-M and I'-X for Figs. 8(a)
and 8(b), respectively. In both cases, the Fermi surface patterns
exhibit strong twofold symmetry, with stronger intensity along
the light momentum direction. According to our simulations,
only the d, Fermi surface can follow this behavior. The
corresponding simulation results for the d, Fermi surface
are given in Figs. 8(c) and 8(d), respectively. We note that
although small variations in the Fermi surface size do not
change qualitatively the simulations, obvious modifications
appear when the size is modified significantly. For example, the
large B Fermi surface in Bag 6K 4Fe, As; displayed in Fig. 3(d)
carries the same dominant orbital character as the much smaller
B Fermi surface in FeTeq s5S¢e 45 shown in Fig. 8(a), which
corresponds to similar experimental conditions. Yet, both
the experimental and theoretical results indicate differences.
Nevertheless, in both cases the Fermi surface patterns exhibit
a suppression of intensity along the x axis.

Figure 8(e) shows the ARPES intensity cut along I"'-M for
a light momentum aligned along the same direction [blue line
in Fig. 8(a)]. Two bands are clearly observed, one of them not
crossing or barely crossing the Fermi level. Actually, a fine
study indicates the presence of the expected third band, which
has a much weaker intensity and a k¢ only slightly larger than
that of the other band crossing the Fermi level.*® We display
the results of our simulations in Fig. 8(f) for a cut in the same
configuration, where we assume that the inner band carries a
d, character while the weak outer one is dominated by d,,.
The main observation is that the d, band exhibits a strong

asymmetry with respect to I". This is indeed what is observed
experimentally, reinforcing our assumption. We thus conclude
that the outer band has a d,, orbital character.

VII. DISCUSSION

Prior to discussing further the method presented in this
paper, we would like to comment on the results obtained for the
orbital characterization of the Fermi surface of FeTe( s555¢€ 45
and Bag Ko 4Fe,Asy. The summary of our orbital character
attributions for the various electronic bands in these materials
are displayed in Fig. 9. For convenience, we spaced the o
and o’ Fermi surfaces in Bag ¢Kg 4Fe,As,, which are almost
degenerate in the k, = 0 plane. Except for absolute and relative
variations of the Fermi surface sizes at the I' point, these
patterns hold for all k, values. We stress once more that
our experimental observation contrasts with the theoretical
expectation of a switch in the orbital distribution of the
M-centered Fermi surfaces at k, = 7 compared to k, = 0,2
which may have important consequences for interpocket
interactions.®

The superconducting gap of Bag¢Ko4Fe,As, is Fermi-
surface dependent.?62"40 More precisely, it is about 12 meV
large for all Fermi surface sheets except for the 6 meV
gap found on the B band, which carries a dominant d,,
character. The 2A/kpT, ratio indicates a pairing in the
weak-coupling limit for the 8 band. Gaps in the weak-coupling
regimes are also observed for the B band in overdoped
Bag ;Ko 7Fe,Asy*! and underdoped Bag 75KgasFe,Asy.*? In-
terestingly, the 2.5 meV gap size on the S band in
FeTeo.s5Sep.as (T. = 14.5 K) leads also to a similar ratio.3
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FIG. 9. (Color online) Schematic distribution of the orbital
characters in Bag Ko 4Fe,As, and FeTe ssSeg 5. Red: d,; Blue: dy;
Green: d,,.

From these observations, one could be tempted to argue that
superconducting pairing is controlled by the orbital character,
which for some reason could be less efficient for the d.,
orbital. However, this argument is in contradiction with the
observation of a d,, orbital character at the M point. In
reality, the two electronlike ellipses at the M point hybridize
and form two distinct Fermi surfaces.*” While the inner one
is largely dominated by a d,, character, the outer one is
formed by a combination of the d,; and d,, orbitals. Both of
them show a gap size indicating a strong-coupling regime.*’
A recent study suggests similar results in FeTegs5Seq45.°°
Therefore, we conclude that in the Fe-based superconductors
there is no direct correlation between the orbital character of
a Fermi surface and the gap size. Analyses of the gap size on
various Fermi surfaces using gap functions derived from local
antiferromagnetic exchange interactions rather suggest that the
relative size of the superconducting gap on a particular Fermi
surface is determined by its momentum position.2%38:43:44

The method described in this paper is certainly a reliable
and relatively simple way to obtain empirically the orbital
characters of bands in the iron-based superconductors. With
a proper choice of basis functions, it can be applied to
other materials as well. Nevertheless, the model has its own
limitations. For example, it remains quite difficult to determine
the orbital characters from the Fermi surface patterns in
the case of bands with mixed characters. Some theoretical
assumptions are often necessary to guide the analysis. For
example, we assumed a particular angular distribution for the
orbital characters of the electronlike Fermi surfaces forming
the Fermi surface at the M point of Fe-based superconductors
in order to get a nice agreement between the experimental data
and our simulations. However, the method is a powerful tool
to discard some scenarios.

Another important limitation concerns the determination of
unknown parameters, such as ys in Eq. (14). As explained in
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Sec. V, we imposed the phase y; by looking at the photon
energy dependence of the Fermi surface pattern. It is clear
though that the phase itself may carry some important infor-
mation that is not accessible directly from our simplify model.
From the experimental point of view, further ARPES studies
on different materials, involving different electronic orbitals
or even different transition metals, may help clarify this issue.

VIII. SUMMARY

We introduced a simple method to obtain the orbital
characters of the various sheets forming the Fermi surface
of crystals. The method exploits the asymmetries obtained
experimentally in the photoemission intensity patterns of
Fermi surface mappings and energy-momentum plots revealed
by ARPES in various experimental conditions of beam orien-
tation and light polarization, including nonpolarized light. Our
method has been successfully applied to Bag Ko 4Fe,As; and
FeTe 55Sep 45, which are two Fe-based superconductors. We
showed that the multisheet Fermi surface of these materials
originates mainly from Fe 3d electrons with d.,, d,., and d,,
orbital characters. Our results suggest that there is no direct
relationship between the strength of the superconducting gap
on the various Fermi surface sheets of these multiband systems
and the orbital characters from which they are mainly formed.
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APPENDIX: DETAILS OF THE MATRIX ELEMENT
CALCULATIONS

In the following, we define

oo !
(c | fy=e™" =4y iljilkyr) Y YO O0,),
=0

m=—I|

(AD)
(r | nlomo) = Ry, (r)Y;°(0,6), (A2)

3
A-r— ZAara, (A3)

a=1

|4

o =T ?Pm (A4’)
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where o = x,y,z.px,py,p, are the p-orbital angular distribution functions. Within the 3-step model approximation, the
photoemission matrix element between an initial state | nlom) and a final state | ) becomes

3 () 00 I}
(f 1 A-r|nlymg) = Z Agy Zil .4n/ drjiCk )Ry, (r)r - Z Y/ 6k, r) - fdQYlmpaY;:O (A5)
a=1 =0 0 m=—I[
3 [e'e) 1
= Z Agy Zil k) - Z Y™ 6k, x) - ?gdszy,mpaylf“ (A6)
a=1 =0 m=—I
3 1 [ee) 1
- ZAa Z Uy, Zil k) - Z Y™ (6. x) - %dQY,’”Ylm‘YZ?", (A7)
a=I mp=—1 =0 m=-—I

where we defined p, = Z:nlzfl o, Yi"

We then use Wigner’s formalism for the 3j-symbols:

o om QI+1D)-3-Clh+1D (1 1 [ l 1 ly [ 1 ly
m 1 0 __ —
%dQYI Yyt = A (0 0 0/)\m my my) W m m; mg)’ (A8)
which may be nonzero only if /g # 0, m = —(m| + mg), and/ =lp — L or [y + 1.
Hence,
mym mo __ om,—(mo+mp) l 1 lO m,—(mo+my) l 1 l()
y{dQYZ Y ‘Ylo‘J = 61’,0_1 oUW (m m, mo) + 51,10+1 oYW m omy mo) (A9)

Substituting the previous result into Eq. (A7), we get

3 1
(f | A-r|nlgmo) =) Aa Y an, (A10)
= my=—1
lo—1 1
| ilo—1 nlo k) (—1 m0+m|Ymo+m| 0 % 0 0 All
[z L Ty e gow (8 (AL1)
lo+1 nly mo—+mi yymo+mi lO+1 1 l()
+ 7 1 kp)(=1) Y2 O oW Cmo+my) mi mo (A12)
3 1
=> Ag Y o, 18" (my.lo.mo.K) + gL (my.lo.mo.K)] (A13)
a=1 my=—
3 1
=Y Au Y 0w, Gu(my.lo.mo.k) (Al4)
a=1 mp=—
3
=Y Au - My(at.lo.mo k), (A15)
a=1
[
where k = (k 7,0, ¢1) and We now apply the above results to the case of 3d electrons,

for which [y = 2. We obtain

M (k) = My(2.0.K),
M. (lo.mo.k) = M, (1,l.mo.k) ) I
M) = i\ SIMo(2. = 1K)+ M2, 1K),

1
= \/;[Gn(_lal()vmo’k) - Gn(IJUamO’k)]’ 1
ngz(k) = \/j[Ma(zs - lvk) - Mot(z’lvk)]’
My(l()am()’k) = Mn(zﬂl()’m()vk) 2’

1
1 My (k) = i\/j[Ma(Z, —2,k) — My(2,2,K)],
=1 E[Gn(_19l09m05k) + Gn(lvlo’mOak)]v 2

0 1
M_(ly,mo.K) = M,(3,lp,mo.k) = G,(0,lp,mo.K).  (A16) M (k) = \E[Ma(z, —2,K) + M,(2,2,K)]. (A17)
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The even (d,) and odd (d,) combinations of these matrices
for the d,; and d,; orbitals around the I" point are (Ors = ¢)

M%(K) = cos ¢ M (k) + sin ¢ Ms" (K),

J (A18)
M (k) = — sin gy M (k) + cos ¢ Mo (k).
We can express the previous results by defining
Y"(0.¢) = C]" P" ()™, (A19)

where P/"(0) contains all the 6 dependence and C;" contains
all the numerical prefactors. For example, we have

-1
8
Cs - Py(6)- €.

21 .
Yi(0,9) = — sinf(5cos’6 — 1) - ¢

(A20)

For 3d electrons, this leads to Egs. (A21)-(A25):

d.
My (d2) = —iv2C{CY[2p1(kp) P! + 2 p3(k ) Py](— cos ¢ )
M,(d2) = —iN2C{C[2pi(kp) P + 3 p3(k ) Pifi— sin )

M.(d2) = iCICI[ — 2p1(kp) P + 2p3(k) PS){—1} (A21)

dy
M (dy;) = iC{Cy[3p1(kp) Py + 3pakp) Py
— p3(kp) Py - cos 2 ]{1)
M(dy;) = iC{Cy[ — p3(ky)P{]sin2¢ ~ {0}
M (dy;) = —iN2CC)[ — Lpitkp) P! + Lp3(kp) Py ]
X {—cos ¢} (A22)

PHYSICAL REVIEW B 85, 214518 (2012)

dy.
M.(dy;) = iC{C3[ — ps(kys)P§]sin2¢; ~ {0}
My(dy:) = iCiCy[3o1(kp)P] + 5p3(ks) P3
+ p3(k ) P5 - cos 2¢y ] {1}
M.(dy;) = —ivV2C)Cy[ — Lpiks)P!

+ 503(ks) P3 |{~ sin ¢} (A23)
dyy
M (dyy) = —iC{C3[3p1kp) P + 1 p3(ky) Py
— pa(k ) P5 (4.cos” g — 1)]{sin ¢}
M,(dyy) = —iC{C3[3pi(kp)P! + L p3(ks) PS
+ p3(k ) P3) (4 cos” ¢ — 3)]{cos ¢}
M.(dy) = iv2CYC3[pstk ) PI]{—sin2¢;)  (A24)
dy2_y2
M(de_p) = —iC{Ci[$pi(kp)P| + $p3(ks) Py
— p3(k ) P; (4cos ¢ — 3)]{cos ¢}
My(de_yp) = —iC{C3[2pi(kp)P! + Lp3(ky)P]
+ p3(k ) P3)(4cos>dy — D](— sin ¢y}
M.(dyo_y) = iv2C)C3[pslky)P3]{— cos2¢x)

(A25)

The main idea behind our simplified approach is to
neglect the ¢ dependence of the prefactors preceding the
curly brackets in the above equations. We note that M, (d,.)
and M,(d,;) are set to zero since the terms preceding the
sin 2¢p; function are vanishingly small compared to the other
matrix components. The curly bracket terms correspond to the
components of the simplified matrices given in Sec. I'V.
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