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Alkali metal dosing (AMD) has been widely used as a way to control doping without chemi-
cal substitution. This technique, in combination with angle resolved photoemission spectroscopy
(ARPES), often provides an opportunity to observe unexpected phenomena. However, the amount
of transferred charge and the corresponding change in the electronic structure vary significantly
depending on the material. Here, we report study on the correlation between the sample work
function and alkali metal induced electronic structure change for three iron-based superconductors:
FeSe, Ba(Fe0.94Co0.06)2As2 and NaFeAs which share a similar Fermi surface topology. Electronic
structure change upon monolayer of alkali metal dosing and the sample work function were measured
by ARPES. Our results show that the degree of electronic structure change is proportional to the
difference between the work function of the sample and Mulliken’s absolute electronegativity of the
dosed alkali metal. This finding provides a possible way to estimate the AMD induced electronic
structure change.

Keywords: Work function, Alkali metal dosing, ARPES, Iron-based superconductors, Electronic structure

1. INTRODUCTION

Alkali metal dosing (AMD) on a material often leads
to transfer of charge from alkali metal to the surface of
the material [1–4]. Due to such property, AMD became
an important method to dope materials with electrons,
and studies using AMD have been performed on various
materials, such as photoemissive materials [5, 6], organic
charge transport materials [7–9] and catalysts [10–12].
In recent years, AMD has been extensively used in an-
gle resolved photoemission spectroscopy (ARPES) stud-
ies of correlated materials, in which electronic structure
change induced by surface electron doping from AMD
is investigated. This new tuning parameter in ARPES
has been exploited in the observation of novel phenom-
ena [13–16]. However, it was found in numerous studies
that the extent of the electronic structure changes upon
monolayer of alkali metal dosing varies from system to
system [17, 18] and the exact cause for the variation is
not well understood as there has not been systematic
studies to investigate the cause for the variation.

In previous AMD studies, it was reported that the
work function modulation upon AMD is proportional to
the difference between the work function of the sample
and the Mulliken’s absolute electronegativity of the al-
kali metal [19]. Since it was theoretically suggested that

the amount of charge transfer upon AMD is proportional
to this work function modulation [20], it is reasonable
to assume that the electronic structure change induced
by charge transfer upon AMD is related to the differ-
ence between the work function of the sample and the
electronegativity of the dosed alkali metal. In that re-
spect, it is important to investigate how the degree of
the electronic structure change upon AMD is related to
the difference between the work function of the sample
and the electronegativity of the alkali metal.

In this article, we report work function mea-
surements of three iron-based superconductors (FeSe,
Ba(Fe0.94Co0.06)2As2 and NaFeAs) with laser-based
ARPES. Electronic structure change upon AMD is also
investigated. It is revealed that, for materials with a
similar Fermi surface topology, the electronic structure
change upon monolayer of alkali metal dosing has linear
correlation with the difference between the sample work
function and the electronegativity of the alkali metal.
Our results provide certain basis for future ARPES stud-
ies with alkali metal dosing.
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FIG. 1. (Color online). Schematic energy diagrams for the
photoemission process and work function measurement. The
occupied part of the density of states (leftmost), distribu-
tion of photoelectrons kicked out from the sample (second
from left), distribution of photoelectrons in the electron ana-
lyzer (third) and the same distribution but with a bias voltage
Vbias (rightmost). Ef , EL, Φ0, ΦA denote level of Fermi edge
, measured lowest kinetic energy of photoelectrons at low-
energy cutoff, work function of the sample and work function
of electron analyzer, respectively. The area shaded in gray
represents the background from inelastically scattered elec-
trons.

2. EXPERIMENTAL METHOD

Work function measurements were performed with a
5.988 eV fiber-laser source [21] with a lab-based system
at Seoul National University [22]. The energy resolution
(convolution of the analyzer’s resolution and the band-
with of the light source) acquired from polycrystalline
gold with no bias voltage is about 12 meV. In measur-
ing EL, which refers to the cutoff on the slowest end
of the spectrum, we applied -3.232, -6.477 and -6.353 V
bias voltages to FeSe, Ba(Fe0.94Co0.06)2As2 and NaFeAs,
respectively, with commercial dry cell batteries. The ac-
curacy in the applied bias voltage is about 0.01% in each
measurement. ARPES measurements with alkali metal
dosing were performed at the beam line 4.0.3 of the Ad-
vanced Light Source. Rb was chosen for alkali metal
dosing because of its similar electronegativity value com-
pared to the work function of NaFeAs. The coverage
of Rb was determined from Rb core level spectra, as
was done in previous studies [17]. To avoid surface con-
tamination effects, work function was measured within
8 hours after cleave at a pressure better than 6 × 10−11

Torr.

3. RESULTS AND DISCUSSION

Fig. 1 shows schematic energy diagrams for the pho-
toemission process and work function measurements.
The first panel shows the occupied part of the density

of states (N(E)) in the sample. When light with an en-
ergy of hv impinges on the sample, electrons are photo-
emitted as illustrated in the second panel. The level of
Fermi edge is now located hv above the Fermi level (EF ).
In addition to the photoelectrons, we also have the back-
ground from inelastically scattered electrons as depicted
by the grey shaded area. The distribution is cut by the
vacuum level, resulting in a low-energy cutoff which rep-
resents the work function. When the sample work func-
tion is smaller than that of the electron analyzer, this
low energy cutoff cannot be observed as illustrated in
the third panel. Thus, the sample is usually negatively
biased to avoid the problem with this high analyzer work
function [23], as illustrated in the fourth panel. From the
level of low-energy cutoff (EL) and Fermi edge (Ef ), the
work function of the sample Φ0 can be obtained by [24]

Φ0 = hv − (Ef − EL) (1)

where hv is the photon energy of the light source.
Fig. 2(a) shows Fermi surface maps of three iron-

based superconductors: FeSe, Ba(Fe0.94Co0.06)2As2 and
NaFeAs. It clearly shows a similar Fermi surface topol-
ogy for these three superconductors. Since the extent of
electronic structure change induced by AMD is set by the
density of states near the level of fermi edge, this simi-
larity in the Fermi surface topology is important in find-
ing the correlation between work function and electronic
structure change induced by AMD. Fig. 2(b) shows low
energy side of ARPES spectra with bias voltage for same
materials. Note that all the spectra have parabolic low-
energy cutoff for which the parabolic shape comes from
the non-zero in-plane momentum of photoelectrons at
the cutoff [22]. As the EL in equation (1) should be
measured at the vertex of the parabola, the energy dis-
tribution curve (EDC) at the vertex position was used
to determine the EL (see Fig. 2(c)). Ef in equation (1)
was obtained from EDCs near the level of fermi edge at
Γ (see Fig. 2(d)). EL and Ef were precisely determined
by fitting each EDC with step function and Fermi-dirac
distribution function convoluted with gaussian distribu-
tion, respectively. We note that EDC near low-energy
cutoff was fitted with gaussian convoluted step function
because the width of the low-energy cutoff is not blurred
by the bandwidth of the light nor by the Fermi-Dirac dis-
tribution function. From these level of low-energy cutoff
EL and fermi edge Ef of the sample, the work function is
calculated using equation (1). The obtained work func-
tion values (Φ0), gaussian width of step function near EL

(γL) and gaussian width of Fermi-dirac distribution near
Ef (γf ) are summarized in Table 1 .

In previous ARPES studies with AMD [17, 18], it has
been reported that the electron band at the M point shifts
downward about 45 and 14 meV for Na monolayer dosed
FeSe and K monolayer dosed Ba(Fe0.94Co0.06)2As2, re-
spectively. Fig. 3(a) and (b) show previously reported



3

Detector angle (º)

0 15

Detector angle (º)

0

Detector angle (º)

FeSe Ba(Fe
0.94

Co
0.06

)
2
As

2 NaFeAs
a

b

0 15-15

0

0

0.2

-0.2

0

0.2

-0.2

0

0.2

-0.2

1.00.5

0 15-15 0 15-15

-0.6

-0.8

-1.0

-2.1

-2.3

-2.5

-3.2

-3.4

-3.6

c

 I
n

te
n

si
ty

 
(a

rb
.u

n
its

)

d

 I
n

te
n

si
ty

 
(a

rb
.u

n
its

)

E
L

E
L

E
L

E
-E

f (
e

V
)

E-E
f
 (eV) E-E

f
 (eV) E-E

f
 (eV)

E-E
f
 (eV) E-E

f
 (eV) E-E

f
 (eV)

Min

Max

Min

Max

MMΓ

0 1.00.5

Γ

0 1.00.5

MΓ

-2.48 -2.42-2.54-0.94 -0.88-1.0

0 0.06-0.06 0 0.06-0.06 0 0.06-0.06

-3.54 -3.48-3.58

E
f

E
f

E
f

M

k
x 
(A-1)k

x 
(A-1)

k y 
(A

-1
)

k
x 
(A-1)

FIG. 2. (Color online). (a) ARPES Intensity maps of FeSe,
Ba(Fe0.94Co0.06)2As2 and NaFeAs at the level of fermi edge.
(b) ARPES spectra of low-energy cutoff and (c) correspond-
ing normal emission EDCs of same materials. Here, the EDCs
were integrated over ±0.2◦ around the vertex of parabola . (d)
EDCs near the level of fermi edge measured at Γ. Black solid
lines in (c) and (d) represent fitting result with gaussian con-
voluted step function and Fermi-dirac distribution function,
respectively.

Φ0 γL γf χ

FeSe 5.047 0.025 0.022 Na 2.843

Ba(Fe0.94Co0.06)2As2 3.524 0.058 0.025 K 2.421

NaFeAs 2.451 0.02 0.019 Rb 2.331

TABLE I. Work function Φ0 of three iron-based superconduc-
tors : FeSe, Ba(Fe0.94Co0.06)2As2 and NaFeAs. γL and γf
indicate gaussian width of step function near EL and Fermi-
dirac distribution near Ef , respectively. γL includes measure-
ment accuracy in bias voltage. We added Mullikan’s absolute
electronegativity χ = 1

2
(Ia + Ea) of alkali metals, where Ia

obtained from [25] and Ea obtained from [26], respectively .
All the values in Table 1 has unit of eV.

ARPES spectra data and EDCs at M point in those stud-
ies [17, 18]. Blue and red dashed lines in Fig. 3(a)
and (b) represent position of the electron band at M
point obtained from second derivative data (Fig. 3(d))
and its EDC (Fig. 3(e)). These results can be under-
stood from larger difference between FeSe work func-
tion and Na electronegativity than that of K dosed
Ba(Fe0.94Co0.06)2As2 [25, 26] (see Table 1). Meanwhile,
the work function of NaFeAs is found to be similar to
the electronegativity of Rb. Therefore, it is reasonable
to speculate that there would be very small band shift in
Rb dosed NaFeAs in comparison to the cases of Na dosed
FeSe and K dosed Ba(Fe0.94Co0.06)2As2.

In order to confirm our speculation, we performed
Rb dosing experiment on NaFeAs. ARPES spectra and
EDCs at the M point of pristine (left) and Rb mono-
layer dosed (right) NaFeAs are shown in Fig. 3(c). The
coverage of Rb was determined following the method re-
ported in a previous study [17]. To determine the band
shift more clearly, second derivative data and its EDC
(Fig. 3(f)) are shown. Blue and red arrows in Fig. 3(f)
indicate the peak position of pristine and Rb dosed sam-
ples. The result shows an upward band shift of about 3
meV after Rb dosing. This result shows that the amount
of band shift is much smaller than that of FeSe and
Ba(Fe0.94Co0.06)2As2 as we suspected.

From our result of work function measurement and
dosing studies [17, 18, 27], we obtained and plot the
change in the electron band bottom position as a function
of the difference between work function and electroneg-
ativity in Fig. 4. It is clear that there is a positive cor-
relation between the two values; the band shift becomes
larger as the work function increases. In other words, the
change in the electronic structure is related to the differ-
ence between the work function of the sample and the
electronegativity of the alkali metal. A noticeable point
is that the plot in Fig. 4 shows a weak linear relationship
described by

∆EM = a(Φ0 − χ) − b (2)

where ∆EM is the shift of the band at the M point,
Φ0 and χ are the sample work function and the Mul-
liken’s absolute electronegativity of dosed alkali metal.
Here, a = 0.021 and b = 6.243 meV are the constants
obatained from linear fitting. Coefficient of determina-
tion R2 = 0.9715 was obtained from simple linear regres-
sion analysis.

This linear relation may be interpreted within a phe-
nomenological model that used to describe the band shift
in physisorbed graphene [28]. To apply this model on
our case, we replace the density of states of graphene
to the nearly free electron density of state in 2D since
AMD generates a quasi-2D electron gas confined in few
top layers. From this replacement, the phenomenological
model shows the linear relation between the band shift
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FIG. 3. (Color online). ARPES spectra data and EDCs near the M point of (a) Na dosed FeSe, (b) K dosed
Ba(Fe0.94Co0.06)2As2, adopted from [17, 18] and (c) Rb dosed NaFeAs. Blue and red dashed lines show position of the
electron band at the M point obtained from pristine and dosed samples. Second derivative ARPES spectra around the M point
and its EDCs at the M point of (d) Na dosed FeSe, (e) K dosed Ba(Fe0.94Co0.06)2As2 and (f) Rb dosed NaFeAs. Blue and red
arrows mark peak positions of the pristine and dosed samples, respectively. The band shift downward about 45 and 14 meV for
Na dosed FeSe and K dosed Ba(Fe0.94Co0.06)2As2, respectively. Meanwhile, the band shifts upward by 3 meV after Rb dosing.
All the EDCs from the dosed sample are multiplied by 1.5-3 for an easier comparison.

and the difference between work function of sample and
electronegativity of dosed alkali metal. Since these three
iron-based superconductors share a similar Fermi surface
topology, the linear relation in our data also provides an
experimental evidence for the theory which expects lin-
ear relation between surface electron doping and work
function modulation induced by AMD [20].

A possible reason for the slight deviation from linear
behavior is that the electronic structure change induced
by AMD cannot be completely described within a simple
rigid band shift picture. Other factors such as localiza-
tion of the alkali metal [29], additional electric field by
alkali metal layer and band dependent doping effect [30]
may also have some effects. Even though these factors
should be considered for a concrete understanding, our
results should be useful for the future ARPES studies
using AMD.

4. CONCLUSION

In conclusion, we have performed a ARPES study on
the work function and alkali metal induced change in
the electronic structure of three iron-based superconduc-
tors: FeSe, Ba(Fe0.94Co0.06)2As2 and NaFeAs. As previ-
ously proposed with an empirical relationship, our find-
ing shows that the electronic structure change caused by
monolayer of alkali metal dosing has a positive correla-
tion with the difference between the work function of the
sample and the electronegativity of dosed alkali metal.
The present findings should offer experimental grounds
for estimation of expected electronic structure change in
ARPES studies using alkali metal dosing.
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FIG. 4. (Color online). Band shift at the M point upon
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tronegativity of dosed alkali metal.R2 = 0.9715 represents the
coefficient of determination given by linear regression analy-
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