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The photoemission experiment
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Energy conservation
19

Me
as

ur
ed

 ki
ne

tic
 en

er
gy

  

Se
t p

ho
ton

 en
er

gy
  

W
or

k f
un

cti
on

  

El
ec

tro
n b

ind
ing

 en
er

gy
  

This is the analyser work function
𝜈: Sample work function  𝜈AN: Analyser work function (typically 4.32 eV) 
-eUV: possible bias voltage between sample and analyser

Eb = hκ ∞ ′ ∞ Ek
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Determining sample work function
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Photoelectron Spectroscopy and Di↵raction 41

Fig. 23. He I↵ excited photoelectron spectrum in normal emission from a single
monolayer of hexagonal boron nitride on Ni(111). A negative bias voltage Vbias has
been applied to the sample. The kinetic energy scale is measured relative to the
Fermi energy of the spectrometer. Arrows indicate the relevant energies, including
the photon energy h⌫, needed for determining the work function �.

the spectrum out of the very low kinetic energy region where the energy de-
pendent transmission function of the electron analyzer may degrade due to
electric or magnetic stray fields. The secondary electron cut-o↵ can then be
identified very clearly. It defines the position of the vacuum energy at the
sample surface. As illustrated in the figure, the work function is then simply
the di↵erence between the photon energy and the full width of the spectrum
(see Chapter ***?***).

4.2 Angle-resolved photoemission spectroscopy (ARPES) for band
mapping and Fermi surface mapping on surfaces

In order to understand how photoemission spectra relate to the electronic band
structure and elementary excitation spectra of surfaces, we need to return
to the discussion of the photoemission matrix element (Section 1.3) and of
what is di↵erent when valence electronic states are involved. These states are
characterized by their wave vectors kj where the index j defines a particular
state from which an electron gets removed in the photoemission process. We
denote the corresponding single-particle wave function as �kj and the resulting
many-body state of the N � 1 electron system, i.e. of the remaining solid, as
 f (N � 1,kj). The spectrum resulting from the removal of this particular
electron is not a simple � function but reflects the excitation spectrum of the
solid described by the single-particle spectral function A(kj , E). The measured

′S = hκ ∞ (Ek(νF) ∞ Emin
k )

secondary cut-offFermi edge

Bias sample to avoid low energy problems 
Only valid at normal emission

lowest kinetic energy electrons into the spectrometer (and also
helps to overcome the contact potential difference), as schemati-
cally shown in Fig. 1(b). Since an applied bias offsets all of the
energy levels in the sample, Eq. (7) is still valid.

3. Experiment

The UPS measurements were performed using a PHI 5500
Multi-Technique system with a base pressure of !10"10 Torr
equipped with a He discharge lamp (SPECS UVS 10/35). The
spectrometer (hemispherical analyzer) was calibrated using XPS
with monochromatic Al Ka (hn = 1486.7 eV) as per ISO 15472
[23]. All UPS measurement were performed with a pass energy of
2.95 eV and with the electrostatic lens of the analyzer configured
for an analysis area of 500 mm2 (800 mm diameter circle) and a
photoelectron acceptance angle of #58. The energy resolution for
UPS measurements was !135 meV determined from the width of
the Fermi edge of Ar+ sputter cleaned Au thin film. The substrates
used were the same as those used in Ref. [24], namely 200 nm thick
Au film on native oxide terminated Si(1 0 0) deposited by radio
frequency (rf) magnetron sputtering. Freshly deposited films were
loaded into the analysis chamber and Ar+ sputter cleaned (3 keV
ions) at 758 until the C 1s and O 2p signals vanished and singular
SEC spectra were obtained.

4. Results

Fig. 2 shows a typical He Ia (hn = 21.22 eV) valence band
spectrum for an Ar+ sputter cleaned Au film. The high intensity
peak at low kinetic energy corresponds to the SEC region of the
spectrum. The positions of Emeas

K;max (Fermi level) and Emeas
K;min used in

Eq. (7) are indicated on the spectrum. The inset of the figure shows
the corresponding schematic energy-level diagram for the sample
and spectrometer. Using Eq. (7) the calculated work function of the
sample is 5.33 # 0.05 eV, consistent with values in literature for Ar+

sputter cleaned Au [25].
As discussed above, measuring work function using PES relies

on accurate determination of Emeas
K;min at the low kinetic energy edge

of the SEC region. However, since the SEC region of the spectrum is
derived from electrons with near zero kinetic energy, its shape and

Fig. 3. Measured work function of Ar+ sputter cleaned Au film using Eq. (7), as a
function of photoelectron take-off angle (u) and applied sample bias (Vb). The inset
shows the geometry of the sample relative to the photon source (He discharge
lamp) and spectrometer. The measured work function deviates significantly and
shows a strong dependence on the applied bias for photoelectron take-off angles
less than 908. This highlights the importance of measuring work function with the
sample perpendicular to the detector (i.e., at a photoelectron take-off angle of 908).

Fig. 4. Finite element simulation of the electric field between a conductive sample and the grounded lens of the spectrometer, with an applied bias of "15 V. The electron
trajectories from a point source at the sample surface are also shown. The angular distributions of the electron point sources are identical at the sample surface, however the
trajectories of the slow (0.25 eV) electrons are severely distorted by the electric field, such that at a photoelectron take-off angle of 458 none of the slow electrons is directed
into the lens. Note that the trajectories of the higher kinetic energy electrons are not significantly affected by the electric field.

M.G. Helander et al. / Applied Surface Science 256 (2010) 2602–26052604

Local work function (variations) from Photoemission of Adsorbed Xenon (PAX)

J. Küppers et al. PRL 43, 928 (1979) 
H. Dil et al. Science 319, 1824 (2008)

M.G. Helander et al. Applied Surface Science 256, 2602 (2010) 
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Photoemission from a periodic potential
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Momentum conservation demands a “vertical” or direct transition

(for UV energies)
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The three step model
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ALS

2001 Berkeley-Stanford Summer School

-13-

Three Step Model

1

2 3

Step 1 accomplished

Beware! 
3 step model is strong simplification; quantitative 

description only possible by matching wave 
function of initial and final state
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Step 2: Transport to surface
23

•Number of electrons reaching the surface is reduced by electron-electron scattering 
•Only sensitive to first couple of atomic layers!! 
•Clean surface and UHV needed 
•Background of scattered electrons with lower kinetic energies (secondaries) 

“Universal” 
curve

Strong simplification! 
Only valid for localised states

ALS

2001 Berkeley-Stanford Summer School

-13-

Three Step Model

1

2 3
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Step 3: Transmission through the surface
24

z
V0

V

(inner potential)

The potential barrier at the surface slows the electron in the direction normal to 
the surface → kin┴ > kout┴

Kinematic relations:

Snell’s law:

k|| « 0.512
a
Ekin sin ✓out

ALS

2001 Berkeley-Stanford Summer School

-13-

Three Step Model

1

2 3
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Ei=Efermi, scanning of (θ,φ): 
Cut through the bulk Fermi surface

scanning of Ei and θ: 
Band structure along curved line in 

3D k - space

Angle-Resolved Photoemission from Cu(111)
25

Angle-Resolved Photoemission
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Determining the out-of-plane momentum
26

3. SXARPES measurements

3.1. Experimental method and setup

Soft X-ray ARPES (SXARPES) measurements were performed at ADRESS beamline of
the Swiss Light Source, using the SX-ARPES end station. This end station is equipped
with a PHOIBIOS-150 hemispherical analyzer in combination with a CARVING ma-
nipulator. ARPES measurements are usually performed at photon energies between
hν = 20 − 50 eV. The ADRESS beamline provides photons with energies in a range
from hν = 300 eV up to hν = 1600 eV. This variation of the photon energy gives the
possibility to measure the band dispersion along the perpendicular momentum k⊥ which
depends on the emission angle Θ, the kinetic energy Ekin, the workfunction φ and the
inner potential V0 of the material as described in the following equation (see also Fig.
12). [28,35]

k⊥ =

√

2me (Ekin cos2Θ+ φ − V0)

!2

At these high photon energies between hν = 300 eV and hν = 1600 eV the achieved
energy resolution is not as high as in the ARPES measurements around hν = 20−50 eV
but it gives access to other properties as described by Kobayashi et al. [36]: The probing
depth is larger due to the increasing of the mean free path of the electrons at higher
photon energies; A higher resolution of the perpendicular momentum k⊥ can be achieved;
The high kinetic energy of the emitted electrons leads to free electron-like final states;
The matrix elements get simpler and the resonant enhancement of the valence bands
can be charted, giving access to the element-specific band structure.





�

   

�� k
z

k
y

Figure 12: Schematic illustration of the SXARPES measurements. Transition into final states are
expected at intersections of the final state sphere centered at Γ000 with the bands in the extended
Brillouin zones. The size of the final state sphere is given by the used photon energy and the
binding energy. The grey shaded region is not accessible due to the work function and the inner
potential. [21]

13

Only unknown parameter is inner potential: typically -20eV < V0 < 20eV 
Obtain from fitting to known lattice parameter c 
In practice: around normal emission and to know where in the Brillouin zone

kK “
c

2me pEkin ` V0q cos ✓
~2

<latexit sha1_base64="dxbxeFWPY0ciKrpxDDy48Qp3J3M="></latexit>

kBZ
K “ 0.512

a
Ekin ` V0

c

2⇡
<latexit sha1_base64="pOImStrvIIhOOxDstHb6USUgJco="></latexit>

Brillouin zone
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Example Cu(100) (3D)
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Courtesy E. Rotenberg and S. D. Kevan
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Photon energy dependence
28

Cu(100) with varying photon energy 
Surface states do not disperse with kz and appear as lines 
Bulk states show dispersion as expected 
Easiest way to distinguish surface states from bulk states

Courtesy E. Rotenberg

Beware of kz broadening due to finite 
probing depth
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Quantitative aspects of ARPES
29

Intensity of photoemission lines measured with ARPES can vary strongly

Surface states of CaTiO3(001)

J.H. Dil et al, Phys. Rev. B, 70, 45405, (2004)

Pb quantum well states on Cu(111)

How meaningful is the intensity for the properties of the state? 
What determines these intensity variations and what can we learn from them?

S. Muff et al. / Applied Surface Science 432 (2018) 41–45 43

Fig. 2. Core level intensity obtained with h! = 600 eV at normal emission (black) and 45◦ rotated (red) as illustrated in the setup sketch. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web  version of this article.)

Fig. 3. (a) Dispersion at the Fermi energy as a function of photon energy and kx . (b)
Fermi surface measured at h! = 60 eV and (c) band structure along the high symmetry
direction "̄X.  (For interpretation of the references to color in this figure legend, the
reader is referred to the web  version of this article.)

of photon energies in Fig. 3(a) shows no dispersion of these states
with out-of-plane momentum, verifying their two-dimensional
nature. In contrast to the well-studied metallic states present at the
surface of SrTiO3 (001) and KTaO3 (001) [11–15] we  have no indica-
tion of three-dimensional features, making the 2DEG the only states
contributing to the metallicity. Similar to the other perovskites the
spectral intensity of the 2DEG at the CaTiO3 surface increases under
UV-irradiation. This is attributed to light induced surface rearrange-
ments and induced carriers [15].

The circular Fermi surface of "(100) is depicted in Fig. 3(b) and
the corresponding clear free-electron-like parabolic band along the
high symmetry direction "̄X in Fig. 3(c). The in-plane momentum
g ≈ 1.57 Å−1 at the ring center, corresponding to the momentum
of "(100), is equal to a lattice parameter of a ≈ 4 Å. This is in good
agreement with the lattice parameter of the pseudo-cubic unit
cell of CaTiO3 and the SrTiO3 substrate. Also clearly visible in
Fig. 3(a) is the intensity at the Fermi energy of an additional, folded
parabola between "(000) and "(100) due to the surface reconstruc-
tion observed also in LEED as described in Section 2. Similar band

folding has been observed for the (1 × 4) reconstructed anatase TiO2
films [38].

The band structure of the 2DEG in Figs. 3(c) and 4(b) can
be fitted with a free-electron-like parabola yielding an effective
mass of m* ≈ 0.39me, a Fermi momentum of kF ≈ 0.20 Å−1, a Fermi
velocity of vF ≈ 6.3 × 105 m/s, and a band minimum at a binding
energy of Eb ≈ 400 meV. This corresponds to a charge carrier density
per parabola of 6.4 × 1013 cm−2 or 0.1 e−/a2 with a = 3.822 Å. This
charge carrier density is similar to SrTiO3 [12,15] while the band
width is significantly higher and the effective mass much lower
than for SrTiO3 and KTaO3. The ARPES measurements with s- and p-
polarized light in Fig. 4(c)–(f) confirm the xy-symmetry of the 2DEG
with no indications of bands with xz-  or yz-symmetry. The 2DEG
thus consists of the Ti 3dxy bands splitted from dxz/dyz by crystal
field splitting and partially filled due to surface band bending and
light induced carriers.

With the absence of the Ti 3dxz and 3dyz bands and the two-
dimensional Ti 3dxy bands at relatively high binding energies, the
splitting between the dxy and dxz/dyz-bands has to be large, at least
of the size of the observed bandwidth of ≈400 meV. This splitting
is considerably larger than the 240 meV  measured for SrTiO3 [15]
but smaller than for TiO2 anatase where 1 eV is reported [17,18].
For the orthorhombic oxide LaAlO3 a comparable noncubic crys-
tal field splitting of 120–300 meV  for the t2g sub shell is reported
[39]. However, there is no detectable additional splitting of the Ti
3dxy band as observed for SrTiO3 [16]. Comparing SrTiO3 to CaTiO3
the increased rotation of the TiO3 octahedron in the later due to
the orthorhombicity will likely reduce the local electric fields as
observed in other perovskites [40]. The resulting weak polariza-
tion field at the surface could be the reason that the splitting is too
small to be observed in our data.

The results of the fitting are indicated in Fig. 4(a) and (b) showing
the circular Fermi surface composed by parabolic bands for the pri-
mary "-points as well as for the reconstructed "-points. Along the
"̄X direction, the Fermi surfaces and parabolic bands corresponding
to the folded "-points, which are present as a result of the recon-
struction, are clearly visible in the data. However their intensity is
weaker than the signal of the 2DEG at the primary "-points. In con-
trast to the folding along the high-symmetry direction, the "-points
offset by 1/4 · g in ky direction are not present in the data. A possible
reason for this is a change of the reconstruction from c(4 × 2) either
to a combination of (2 × 1) and c(2 × 2) or more likely to p(2 × 2)

 S. Muff et al. Applied Surface Science 5, 229 (2017)

Intensity is not measurement of density of states!
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Resonant photoemission (impurities)
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Supplementary Figure 3: Resonant ARPES. (a) X-ray absorption data at the L3 absorption edge, the red
arrows indicate the pre-resonance (A), resonance (B) and post-resonance (C,D) energies. (b) Series of
ARPES spectra for the photon energies indicated in (a). (c) Difference of the resonance spectrum B and the
pre-resonance spectrum A; (d) difference between spectra C and A. The differential spectra visualize the
dispersionless impurity band around 4 eV binding energy in (c) and the hybridization of the bulk Rashba-
split bands of the ↵-GeTe host with Mn.

2

Mn doped GeTe

J. Krempasky et al. Nature Comm. 7, 13071 (2016)

Atomic cross section also plays role for valence band
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Resonant photoemission (alloys)
31

CePd3

Requires a synchrotron to tune hv exactly

Fano line shape
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Matrix element effects
32

Fermi’s Golden Rule for transition probability:

For dipole allowed transitions:

Measured intensity

Final state

Photon E field Electron 
momentum

Initial state

Δl = ±1;
Δm = 0,±1.

Dipole Selection Rules:

I ∝ |�Ψf |A • p|Ψi�|2

Relies on sudden approximation: photoelectron emitted from N particle system does not 
interact with N-1 system after photo-excitation

Deep thought: 
What happens if 𝛙i or 𝛙f is degenerate 

and several transitions are allowed?



I ∝ |�Ψf |A • p|Ψi�|2

A • p
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Symmetry selection rules (simplified)
33

symmerty plane of crystal

εs

εp

e-

surface

Matrix elements have individual symmetries 
with respect to sample 
Result: orbitals are excited if orbital lobe along 
light polarisation direction (projection)

Plane wave 
always even

Depends on band 
symmetry (s, px,y,z)

Even for p-pol 
odd for s-pol

+1     +1      -1         0
+1     +1     +1         max.

+1      -1      -1         max.
+1      -1     +1         0

p - pol.

s - pol.

For accessible extensive description:  
S. Moser J. Electron Spectroscopy and Related Phenomena 214, 29 (2017) 
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Group theory and selection rules
34

When the symmetry operations of the group are applied, this matrix element must transform as a constant. Conversely, if the 
matrix element is not invariant under the symmetry operations which form the group of Schrödinger’s equation, then the matrix 
element must vanish. 

“Properties of the 32 Point Groups” by Koster, Dimmock, Wheeler and Statz 

“Applications of Group Theory to the Physics of Solids” M. S. Dresselhaus (2002)

“Dipole selection rules for optical transitions in the fcc and bcc lattices” W. Eberhardt and F. J. Himpsel, Phys. Rev. B 21, 5572 (1980)

DIPOLE SELECTION RULES FOR OPTICAL TRANSITIONS IN. . .

TABLE II. Allowed dipole transitions {+)at I and H. A. p is represented by I 15.

557$

r2 r,
15
r,
25

r,
2
r,
12

I 25

r,
I2

r,
15r,
25r,
1

I
2r,
12
I 15
I 25

+
+

metrics. Therefore, dipole selection rules are impor-
tant and have to be taken into consideration, espe-
cially when polarized radiation is used for the optical
excitation. Recently it has been shown that in angle-
resolved photoemission, one is able to localize the
transitions at high-symmetry points of the band
structure. In these data, the importance of the dipole
selection rules can be seen directly.
An application of the dipole selection rules in the

specialized form of photoemission in a mirror plane"
or in the direction of the surface normal' can be
found in the literature. Polarization effects in core-
level excitations have been discussed for GaAs(110),
where the importance of the dipole selection rules is
shown in an indirect but very nice way. ' Recently,
those selection rules have been applied and verified
throughout the Brillouin zone in the case of Ni,

where all high-symmetry points of the bands have
been determined using angle-resolved photoemission
in connection with the polarization of the synchro-
tron radiation. The effect of the dipole selection
rules is also reflected in the direct calculation of the
optical transition matrix elements for Cu.
The dipole selection rules are not restricted in ap-

plication to bulk bands, but also can be verified for
ordered adsorbate overlayers. This has been treated
theoretically' and has been applied especially for CO
on Ni{100),"' and 0 on Al{111),' to give two clear
cut examples.
The transition matrix element relevant for absorp-

tion as well as photoemission data can be written in .

the form ( f ~A p+p Ai ). If we neglect local field
effects, "this reduces to ( f ~A p i ) where (,f ~

and
Li) are the final and initial state of the electron and
A p is the dipole operator. In order to find out

TABLE III. Allowed dipole transitions at h. (+) is for A
parallel 5; A p is represented by b, l. (0) is for A normal 5;
A p is represented by 55.

C4„

TABLE IV. Allowed dipole transitions at X, D, G, K, U,
S, and Z. (+) is for A parallel X; A p is represented by Xl.
(0) is for A normal X, parallel x; A p is represented by X3.
(X) is for A normal X, parallel v; A p is represented by X4.

C2„ X3

b, 2

b5

Xl
X2

X3
X4

0
X

X
0

0
X

X
0

21 DIPOLE SELECTION RULES FOR OPTICAL TRANSITIONS IN. . . 5575

TABLE VII. Allowed dipole transitions at X (+) is for A parallel b, ; A p is represented by X,.
(0) is for A normal A, ; A p is represented by X,.

5

X, X3 X4 X,
1

X,
2

X,
3

X,
4 X5 X,

5

X1
X2
X3
X4
X,

1

X,
X,
X,
4
X5
X, 0

0
0
0
0

0
0
0
0

P1 P2 P3 P4 P5

P1
P2
P3
P4
P5

+
+
+

TABLE &Ill. Allowed dipole transitions(+) at P; A p is
represented by P4.

at the characters of the representations involved.
The characters form a linear independent set of basis
vectors for the vector space of the dimension of the
group. Therefore, it can be easily checked, whether
the product of the representation of the initial state
and the final states contains or is equal to the
representation of the dipole operator.
%'e have determined all possible dipole transitions

at the high-symmetry points and lines of the face-
centered-cubic (fcc) and body-centered-cubic (bcc)
lattices. The two corresponding Brillouin zones are
shown in Fig. 1. In Table I, we give the high-
symmetry points and lines, their locations, and the

TABLE IX. Allowed dipole transitions at L. (+) is for A
parallel A; A p is represented by L,. (0) is for A normal

A; A p is represented by L,.3'

TABLE X. Allowed dipole transitions at W. (+) is for A
parallel Z; A p is represented by W &. (0) is for A normal Z;
A p is represented by W3.

D3„ L1 L2 L3 L,
1

L,
2

L,
3 D2 W,

1
W2 W,2' W3

L1
L2
L3
L,

1

L,2.L,
3

0
0
0+

0

0
0
0+ W,

1

W,
2

W3

0
0
0
0

Selection rules are formally derived from direct product of groups GA b GB

If spin-orbit interaction plays role, double group theory should be used



Hercules 2025 Hugo Dil

Three types of “matrix element effects”
35

1) Dipole transition matrix 

2) Availability of (correct) final 
state: dependent on excitation 
energy

66 6 PHOTOEMISSION RESULTS OF THE PURE SURFACE ALLOYS ON AG(111)
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Figure 37: (a) Schematic dispersion of the Bi/Ag(111) surface states (adapted from

Ref. [87]), showing the two Kramers pairs K1 and K2 and the band labeling convention.

(b) Cut through the SBZ for Bi/Ag(111) with hν = 100 eV and linear vertical polarized

light. (c)-(i) Photon energy dependency of the intensity distribution for the surface states

of Bi/Ag(111), measured with linear horizontal polarized light. The cuts are measured

along Γ̄M̄ and the photon energy is indicated above each panel.

decreases from a photon energy of 21.2 eV until the band almost vanishes at 29 eV and

then the intensity increases again. The band l1 on the other hand is very weak for 21.2 eV

and shows a large intensity for 29 eV. l1 and r1 show approximately an inverse behavior,

i.e. the intensity of one band increases as the intensity of the other band decreases. The

changes observed for l3 and r3 however are qualitatively different. First we note that

the intensity of r3 is too weak to allow a separation from the background intensity for

all photon energies in the measured range. Band l3 on the other hand shows a notable

intensity for several photon energies. Its intensity is particularly large for 21.2 eV, then

decreases up to 25 eV and is large again for 29 eV. It should be noted that the left-right

asymmetries are too large to be explained by the coupling of the light to the electrons,

i.e. by the term |A ·∇| i�, and indicate a strong influence of the final states.

Asymmetric intensities in the photocurrent between one side of normal emission and
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Figure 37: (a) Schematic dispersion of the Bi/Ag(111) surface states (adapted from

Ref. [87]), showing the two Kramers pairs K1 and K2 and the band labeling convention.

(b) Cut through the SBZ for Bi/Ag(111) with hν = 100 eV and linear vertical polarized

light. (c)-(i) Photon energy dependency of the intensity distribution for the surface states

of Bi/Ag(111), measured with linear horizontal polarized light. The cuts are measured

along Γ̄M̄ and the photon energy is indicated above each panel.

decreases from a photon energy of 21.2 eV until the band almost vanishes at 29 eV and

then the intensity increases again. The band l1 on the other hand is very weak for 21.2 eV

and shows a large intensity for 29 eV. l1 and r1 show approximately an inverse behavior,

i.e. the intensity of one band increases as the intensity of the other band decreases. The

changes observed for l3 and r3 however are qualitatively different. First we note that

the intensity of r3 is too weak to allow a separation from the background intensity for

all photon energies in the measured range. Band l3 on the other hand shows a notable

intensity for several photon energies. Its intensity is particularly large for 21.2 eV, then

decreases up to 25 eV and is large again for 29 eV. It should be noted that the left-right

asymmetries are too large to be explained by the coupling of the light to the electrons,

i.e. by the term |A ·∇| i�, and indicate a strong influence of the final states.

Asymmetric intensities in the photocurrent between one side of normal emission and
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Here enhanced due to 
spin-orbit interaction

GIERZ, MEIER, DIL, KERN, AND AST PHYSICAL REVIEW B 83, 195122 (2011)

FIG. 2. (Color online) Experimental photoemission from BixSb1−x /Ag(111). The evolution of the spz surface-state dispersion is shown
as a function of Bi content x on a linear gray scale with black (white) corresponding to high (low) photocurrents (a). From parabolic fits to
the data [solid lines in (a)], the characteristic parameters of the Rashba model (momentum offset kR , effective mass m!, Rashba constant αR ,
and band maximum E0) have been determined (b). Red dots and green triangles were obtained by spin-integrated and spin-resolved ARPES,
respectively. Solid lines are guides to the eye.

a parabolic contribution [continuous black line in Fig. 3(a)]
with a maximum at x ≈ 0.5. The sum of the linear and the
parabolic contribution results in a good fit of the experimental
data points [gray line in Fig. 3(a)]. Note that the maximum of
this fit is situated at x = 0.63 instead of x = 0.5.

FIG. 3. (Color online) Panel (a) presents a more detailed analysis
of the behavior of the band maximum E0 as a function of Bi content
x. On top of the expected linear increase (black dashed line), we find
a parabolic contribution (continuous black line) with a maximum
at x ≈ 0.5. The blue (gray) line represents the sum of linear and
parabolic contribution and nicely fits the experimental data points
(red dots). Panel (b) shows the full width at half maximum (FWHM)
of the spz band at an initial state energy of −0.8 eV as a function
of x. Both the parabolic contribution to position of E0 as well as the
linewidth exhibit a clear maximum around x = 0.5.

Interestingly, the parabolic contribution to the shift of
the band maximum E0 correlates well with the behavior of
the full width at half maximum (FWHM) of the spz band.
Figure 3(b) shows the FWHM of the spz band at E − EF =
−0.8 eV as a function of Bi content x, clearly revealing a
maximum of the linewidth at x ≈ 0.5. It is known that E0
depends on the outward relaxation of the Bi and Sb atoms.25

However, it is unlikely that the outward relaxation of the alloy
atoms in the mixed BixSb1−x /Ag(111) surface alloy is larger
than in the pure Bi/Ag(111) surface alloy. As both the parabolic
contribution to the band maximum E0 as well as the linewidth
show a maximum at x ≈ 0.5, we attribute the maximum of E0
to disorder.

From the experiments presented in this paper, it is difficult to
deduce the exact nature of this disorder. One possible candidate
is chemical disorder caused by the mixing of different alloy
atoms. A second possibility is structural disorder due to
the difference in outward relaxation between Bi and Sb
atoms. For a better understanding, further investigations with,
e.g., scanning tunneling microscopy are necessary, which go
beyond the scope of this paper.

For small Bi contents x, the spin splitting of the spz surface
state of BixSb1−x /Ag(111) is comparable to the linewidth of
the bands. This limits the accuracy of the values for the spin
splitting obtained by conventional spin-integrated ARPES. To
overcome this problem, Fig. 4 shows spin-resolved MDCs
recorded at an initial-state energy of −0.6 eV as a function of
Bi content x for the mixed BixSb1−x /Ag(111) surface alloy.
The SARPES-derived momentum offset #k/2 is included in
Fig. 2(b) (green triangles).

195122-4
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Figure 1 The band structure of graphene. a, The experimental energy distribution of states as a function of momentum along principal directions, together with a
single-orbital model (solid lines) given by equation (1). b, Constant-energy map of the states at binding energy corresponding to ED together with the Brillouin zone boundary
(dashed line). The orthogonal double arrows indicate the two directions over which the data in Fig. 2 were acquired. c,d, Constant-energy maps at EF (=ED +0.45) (c) and
ED −1 eV (d). The faint replica bands correspond to the 6
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Figure 2 The band structure of graphene near the Fermi level. a–d, Experimental energy bands along a line through the K point parallel to the !M direction (along the
vertical double arrow in Fig. 1b) as a function of progressively increased doping by potassium adsorption. The dashed lines are an extrapolation of the lower bands (below
ED), which are observed not to pass through the upper bands (above ED), suggesting the kinked shape of the bands around ED. The electron density (per cm2) is indicated in
each panel. e–h, Band maps for similar dopings acquired in an orthogonal direction through the K point (horizontal double arrow in Fig. 1b), for which one of the bands is
suppressed. The nonlinear, or ‘kinked’, dispersion of the bands together with linewidth variations (corresponding to real and imaginary parts of the self-energy Σ ) are clearly
visible in the fitted peak positions (dotted lines). The kinks, marked by arrows, occur at a fixed energy of 200 meV and near ED, the latter varying with doping. i, The
simulated spectral function, calculated using only the bare band (yellow dotted line) and ImΣ derived from the data in panel h.

overlap. Even there, we see no indication of interactions between
the graphene and substrate band structures in Fig. 1.

Such interactions are not expected considering the proposed
van der Waals bonding between graphene and SiC (ref. 9). Recent
experiments have shown that the SiC layer immediately below the
graphene is itself a carbon-rich layer, with an in-plane, graphene-
like network of sp2-derived σ-bands, but without graphene-like π-
bands23. The absence of states at the Fermi level suggests that the
pz orbitals are saturated, presumably owing to bonding with the
substrate as well as bonding within the C-rich interface layer. This
C-rich layer is a perfect template for van der Waals bonding to
the overlying graphene because it offers no pz orbitals for bonding
to the graphene. The photon-energy dependence of the π-band
intensities, absent for m = 1 films, but clearly observed for m ≥ 2,
confirms this lack of hybridization (T.O., A.B., J.L.McC., T.S., K.H.,
E.R., manuscript in preparation).

The only effect of the interface on the measurements is through
the nearly incommensurate (6

√
3 × 6

√
3)R30◦ symmetry of the

interface C-rich layer with respect to SiC. This interface induces
diffraction of the primary bands, resulting in the observed weak
satellite bands, similar to the satellite spots seen in low-energy
electron diffraction9.

Despite the overall good agreement between equation (1) and
the data in Fig. 1, profound deviations are observed when we
examine the region around EF and ED in more detail. Figure 2a
shows a magnified view of the bands measured along a line
(the vertical double arrow in Fig. 1b) through the K point. The
predicted, or ‘bare’ bands in this direction are nearly perfectly
linear and mirror symmetric with respect to the K point according
to equation (1), similar to the H point of bulk graphite21,22. The
actual bands deviate from this prediction in two significant ways.
First, at a binding energy h̄ωph ∼ 200 meV below EF, we observe
a sharpening of the bands accompanied by a slight kink in the
bands’ dispersions. We attribute this feature to renormalization
of the electron bands near EF by coupling to phonons24, as
discussed later.
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Dirac cone suppressed along one direction

A. Bostwick et al. Nature 
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FIG. 1. (Color online) Sketch of the experimental setup. For
s- (p-) polarized light, the electric field vector lies perpendicular
to the plane of incidence (in the plane of incidence) spanned by the
sample normal and the direction of incidence of the light. The inset
shows the 2D Brillouin zone.

zero. Including a nonzero real part of the self-energy would
shift the final states to higher energies. Furthermore, the final
state in experiment is scattered by the SiC substrate, so that
deviations between the theoretical and experimental final states
are possible. These deviations may include slight changes in
the final-state composition as well as the band dispersion.
Nevertheless, trends in experiment are fully accounted for, in
particular, the photon energy dependence of the intensities.
For a direct comparison between experiment and theory, the
theoretical photon energies hνth have been shifted by 8.6 eV
toward higher photon energies.

Figure 2 shows the measured band structure for an epitaxial
graphene monolayer on SiC(0001) along the "KM-direction.
As epitaxial graphene on SiC(0001) is slightly n-doped due
to charge transfer from the substrate, the crossing point of the

FIG. 2. Band structure measured along "K for an epitaxial
graphene monolayer on SiC(0001) for two different photon energies
[(a), (b): 35 eV; (c), (d): 52 eV] for both p-polarized [(a), (c)] and
s-polarized [(b), (d)] light. The gray scale is linear with black (white)
corresponding to high (low) photoemission intensities.

FIG. 3. (Color online) Fermi surface of epitaxial graphene on
SiC(0001) measured with p-polarized light [(a), (c)] and s-polarized
light [(b), (d)] for two different photon energies [(a), (b): 35 eV; (c),
(d): 52 eV]. The gray scale is linear with black (white) corresponding
to high (low) photoemission intensities.

two linearly dispersing π bands is located at about −420 meV
below the Fermi level.6,18,20,21 The data in Fig. 2 were recorded
at a photon energy of hν = 35 eV with p- and s-polarized light.
The gray scale is linear with black (white) corresponding to
high (low) photoemission intensities. For p-polarized photons
[Figs. 2(a) and 2(c)], the intensity for one of the two branches
is completely suppressed due to interference effects in the pho-
toemission process,16,17 and only the branch dispersing upward
(towards the Fermi level) along "KM is visible in agreement
with previous photoemission results.6,18–21 For hν = 35 eV
and s-polarized light [Fig. 2(b)], the photoemission intensity
shifts to the second branch dispersing downward (away from
from the Fermi level) along "KM that was invisible when
using p-polarized light. When using s-polarized light at
hν = 52 eV [Fig. 2(d)], both π bands are visible. In this
case, the overall intensity is reduced by about one order of
magnitude as compared to the other measurements.

Figure 3 shows the corresponding Fermi surfaces around
K for hν = 35 and 52 eV with both p- and s-polarized
light. For p-polarized radiation [Figs. 3(a) and 3(c)], there
is no photoemission intensity at spot 1. This situation changes
drastically when using s-polarized photons with hν = 35 eV
in Fig. 3(b). In this case, there is no photoemission intensity
at the opposite side of the Fermi surface at spot 2. Changing
the photon energy to hν = 52 eV leads to a homogeneous
illumination of the complete Fermi surface with s-polarized
light [Fig. 3(d)]. As in Fig. 2(d), the photocurrent is one order
of magnitude lower than for p-polarized radiation. As can be
seen, the dark corridor at spot 1 (as introduced by Refs. 15–17)
can be illuminated using s-polarized light.

The origin of the dark corridor has been explained
by calculating the photoemission matrix element in dipole

121408-2

Full cone can be made visible by different light polarization 
and energy 

Same (even/odd) symmetry, but originating from different 
Brillouin zone

I. Gierz et al. PRB 83, 121408(R) (2011)
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Fourier transform of single peak is single decaying feature along kz (or hv) 
Localised surface states disappear at high hv, Shockley-like surface states remain visible

various surface states ([17–19,34]). The LO-type states such as mole-
cular orbitals, in contrast, show an aperiodic ARPES response decaying
with Kz [24]. Following the previous works [12,17], a lucid formalism
is developed here that directly relates the ARPES intensity to Fourier
composition and spatial confinement of the 2D states, and can therefore
be used for their experimental determination. Of crucial importance for
this purpose is the use of high excitation energies whereby the ARPES
final states become pure plane waves without their hybridization [20].
This formalism is illustrated in application to previous photoemission
experimental data on the Al(100) surface [34].

2. Fourier-transform formalism of ARPES

Within the one-step theory of photoemission – see, for example,
[21]– the ARPES intensity is found as I f iA p| | | |PE 2, where 〈f| is
the final state described as the time-reversed LEED state and |i〉 the
initial state, which are coupled through the vector potential A of in-
cident electromagnetic field and momentum operator p. Neglecting the
explicit matrix element effects embedding the experimental geometry
(see, for example, [22]), this expression can be simplified to the scalar
product of 〈f| and |I〉, I f i| | |PE 2. We here assume that the final-state
momentum K is corrected back to the initial-state one k by the photon
momentum p = hv/c, which is significant in the soft-X-ray range.

For sufficiently high excitation energy hv, when Ek much exceeds
the V(r) corrugation, the free-electron (FE) approximation usually holds
for the final states, which can in this case be represented by a plane
wave ei rK periodic in the in-plane direction rxy and damped in the out-
of-plane one z (non-FE effects in the final states, which can be parti-
cularly strong at low excitation energies hv – see, for example, [23] and
references therein – will be discussed later). Introducing out-of-plane
damping of final state due to incoherent scattering processes, 〈f| can be
represented as f e e| i iK zK rxy xy z , where Kz is complex, with its real part
Kz
r describing the oscillating z-dependent part of the 〈f|-wavefunction

and imaginary part Kz
i its damping into the sample depth due to finite

photoelectron mean free path = K1/2 z
i (the factor 2 comes from

squaring of the wavefunction amplitude for electron density),
f e e e| i iK z K zK rxy xy z

r
z
i . In turn, |i〉 also obeys the in-plane periodicity,

and can be expanded over 2D reciprocal vectors g as= + +i A z e| ( ) i
g k g k g r( )

xy
xy xy, where kxy is the in-plane electron mo-

mentum in the reduced BZ and coefficients +A z( )k gxy represent the |i〉-
wavefunction behavior in the z-direction, being periodic for the 3D
states and confined for the 2D ones. Orthogonality of the in-plane
propagating plane waves in the above expansions for 〈f| and |i〉 implies
that the only term in |i〉 giving non-zero contribution to 〈f|i〉 satisfies
the condition kxy+ g = Kxy i.e. the above sum over g reduces to=i A z e| ( ) iK K r

xy
xy xy.

With the above expansions for 〈f| and |i〉, IPE as a function of Kxy
becomes I K( )PE xy e e e A z e| | ( ) |i iK z K z iK r K K r 2xy xy z

r
z
i

xy
xy xy =

e e A z| | ( ) |iK z K z K 2z
r

z
i

xy . Being proportional to A| |K 2
xy , the Kxy-dependent

IPE reflects essentially the 2D Fourier series of the |i〉-states periodic in
the out-of-plane spatial coordinates.

Transferring the damping f e e e| i iK z K zK rxy xy z
r

z
i into the |i〉-part, we

obtain I e e A z| | ( ) |PE
iK z K zK

K 2xy z
r

z
i

xy or, in the explicit form,
I K e e A z dz( ) { ( )}PE z iK z K zK

K0
2xy z

r
z
i

xy , where the lower integration
limit implies that the |i〉-wavefunction terminates at the surface z=0.
Physically, this formula shows that the Kz-dependent IPE for given
photoelectron Kxy is simply the squared FT

I K F e A z( ) | { ( )}|PE z K K zK
K 2xy

z z
i

xy (1)
of the (final-state damping weighted) z-dependent coefficient A(z) for
this Kxy in 2D expansion of the |i〉-wavefunction. This property of the
ARPES response can in principle be used to reconstruct the wavefunc-
tions of 2D states using iterative algorithms similar to those used in
molecular orbital reconstruction ([24–27]). If λ is much larger than the
|i〉-wavefunction localization region, a likely situation for sufficiently
high hv, the above FT simplifies to I K F A z( ) | { ( )}|PE z K

K
K 2xy

z xy . We note
that whereas the Kxy-dependence of IPE is represented by the Fourier
series, whose discrete character reflects the in-plane periodicity of the
system, its Kz-dependence is represented by the integral Fourier trans-
form, whose continuous character reflects the out-of-plane aperiodicity.

We will now focus on the 2D states that are by definition confined in
the out-of-plane direction. For the QC-type states sketched in Fig. 1 (a),
the coefficients A z( )Kxy representing the |i〉-wavefunction for given Kxy
can be written as a slowly varying envelope function E z( ) that mod-
ulates a Bloch wave B z( )Kxy which is derived from the periodic bulk V
(r), periodic in the out-of-plane direction and characterized by certain
momentum kz [2,13,14].=A z E z B z( ) ( ) ( )K Kxy xy (2)

We note that the E z( )-functions can described analytically by Airy
functions, if V(z) confining the QC-type states is approximated by a
triangular shape, and by Bessel functions if a more appropriate ex-
ponential approximation V z V e( ) z a0 2 / is used, where V0 is the
characteristic depth and a width of V(z) [28,29]. The B z( )-functions,
strictly speaking, are standing waves including two Bloch waves
with± kz propagating in opposite out-of-plane directions, however, for
brevity of the formalism we keep here only one of them. The same
expression (2) applies to the LO-type states also sketched in Fig. 1 (b),
and in that case A z( )Kxy reduces to E z( ), with =B z B( )K Kxy xy remaining
merely a constant depending on Kxy.

In general case, the B z( )Kxy adapted to the periodic V(r) can be
expanded in a Fourier series over out-of-plane reciprocal vectors
Gz of the host 3D lattice as = +B z C e( ) G

G i k G zK K
( )

xy z xy
z z z . Assembling

all terms in the above expression (1), we arrive at I K( )PE z
Kxy ∝+{ }F e E z C e( )K K z

G
G i k G z
K

( )
2

z zi
z xy

z z z = +C F e E z e{ ( ) }G
G

K K z i k G z
K

( ) 2

z xy
z

z z
i z z

= +C F e E z F e{ ( )}* { }G
G

K K z K i k G z
K

( ) 2

z xy
z

z z
i

z
z z , where the FT is broken

down in a convolution of two transforms. As +F e{ }K i k G z( )
z

z z equals
to the δ-function δ(Kz-(kz+Gz)), this yields I K( )PE z

Kxy ∝+C F e E z K k G{ ( )}* ( ( ))G
G

K K z z z zK
2

z xy
z

z z
i . Using the rule f(x)*δ(x-a)

Fig. 1. Schematic wavefunctions of the QC-type (a) and LO-type (b), and the
corresponding pattern of their ARPES response I K( )PE z (c). Due to the higher
harmonics in the Bloch-wave part of the QC-type states, their ARPES response is
characterized by Gz-periodic peaks whose amplitudes reflect Fourier series of
the periodic Bloch-wave part of these states, and widths their spatial extension
combined with the photoelectron λ. In contrast, the LO-type states are char-
acterized by an aperiodic decay of I K( )PE z . The I K( )PE z -dependences vary with
Kxy.
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measurements were performed at a sample temperature of
11 K and a base pressure lower than 10!10 mbar. The
SARPES data were taken at 20 K.

For structural optimization and electronic band calcula-
tions, we employed density functional theory (DFT) with
the generalized gradient approximation of Ref. [10] for the
exchange-correlation potential as implemented in VASP

[11]. The interaction between the ion cores and valence
electrons was described by the projector augmented-wave
method [12]. The Hamiltonian contained scalar relativistic
corrections, and the SOI was taken into account by the
second variation method [13].

BiTeI has a hexagonal crystal structure and is built up of
alternating layers of bismuth, tellurium, and iodine atoms
stacked along the hexagonal axis. The continuous stacking
order of the layers of the three atomic species breaks the
inversion symmetry. DFT calculations show that the ab-
sence of inversion symmetry allows the strong SOI to lift
the spin degeneracy of every band away from the time
reversal invariant momenta (!, A, M, L). In particular, the
bulk conduction band minimum (CBM) and the valence
band maximum (VBM) are shifted away from the A point
at the Brillouin zone boundary towards theH and L points.

Because of the broken inversion symmetry, an untwinned
BiTeI crystal has two different terminations. The weak
bonding between the Te and I layers provides a natural
cleaving plane; therefore, the termination layer is either
purely formed of iodine or tellurium atoms, depending on

the stacking order of the underlying layers. Despite the
lacking inversion symmetry in the crystal structure, the
bulk band structure neglecting spin is inversion symmetric
due to the time reversal symmetry.
The bulk band structure of BiTeI as observed with

SXARPES is presented in Figs. 1(a)–1(c). At these high
photon energies, photoemission from the bulk states is
dominant over surface state emission, while the latter is
emphasized in the more surface sensitive UVARPES
[Figs. 1(e)–1(g)]. Figure 1(a) shows a band map along
A–L measured at 760 eV photon energy. In accordance
with previous optical measurements, the bulk band gap is
400 meV [7]. The 3D nature of these bands is evident from
their dispersion behavior, which is shown in
Fig. 1(b). Both for the valence band and the conduction
band, a clear kz dispersion is observed. At 760 eV photon
energy, corresponding to the 16th A point in the Brillouin
zone, the CBM binding energy is largest and decreases
away from the A point and eventually disperses above the
Fermi level around 800 eV photon energy.
Figure 1(c) shows the dispersion along the !–A direc-

tion, i.e., for kk ¼ 0, measured by sweeping photon ener-
gies from 310 to 850 eV. Because of the non-negligible
photon momentum transferred to the photoelectrons at the
used photon energies, the measured electron momenta
have been corrected for the photon momentum projected
on the particular electron momentum axis. The kz disper-
sion of the conduction band follows the periodicity of the
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Å

at
6
0
0
eV

p
h
o
to
n
en
erg

y
),
it
is

d
istin

ctly
sm

aller
th
an

th
e
ty
p
ical

len
g
th

scale
fo
r
su
rface

b
an
d
b
en
d
in
g
.

F
ig
u
re

2
sh
ow

s
th
e
co
m
p
lex

3
D

bu
lk

F
erm

i
su
rface

o
f

B
iT
eI

w
h
ich

is
ty
p
ical

fo
r
an

en
tire

class
o
f
n
o
n
cen

tro
sy
m
-

m
etric

m
aterials

w
ith

stro
n
g
S
O
I
an
d
to

o
u
r
k
n
ow

led
g
e

m
easu

red
fo
r
th
e
fi
rst

tim
e
w
ith

A
R
P
E
S
.
In

th
e
in
-p
lan

e
d
irectio

n
,th

e
F
erm

isu
rface

aro
u
n
d
th
e
A
p
o
in
tis

d
escrib

ed
b
y

tw
o

co
n
cen

tric
h
exag

o
n
ally

d
isto

rted
rin

g
s
w
h
ile

it
d
isap

p
ears

aro
u
n
d
th
e
"

p
o
in
t
[1
4].

In
th
e
o
u
t-o

f-p
lan

e
d
irectio

n
,
th
e
F
erm

i
su
rface

tak
es

th
e
fo
rm

o
f
tw
o
lo
o
p
s,

in
tersectin

g
at

th
e
"
–A

lin
e.

T
h
e
left

p
an
els

o
f
F
ig
s.
2
(a)

an
d

2
(b
)

sh
ow

th
e

m
easu

red
F
erm

i
su
rface

in
th
e

"
–M

–L
–A

an
d
"
–K

–H
–A

p
lan

es,
resp

ectively.
T
h
e
rig

h
t

p
an
els

d
isp

lay
co
n
stan

ten
erg

y
cu
ts
in
th
e
sam

e
m
o
m
en
tu
m

p
lan

es
at

a
b
in
d
in
g
en
erg

y
o
f
1
eV

,
cu
ttin

g
th
ro
u
g
h
th
e

valen
ce

b
an
d
clo

se
to

th
e
low

er
g
ap

ed
g
e.

T
h
e
m
easu

red
co
n
stan

t
en
erg

y
cu
ts
are

w
ell

rep
ro
d
u
ced

b
y

D
F
T

calcu
latio

n
s.

In
F
ig
s.

2
(c)

an
d

2
(d
),

sectio
n
s

th
ro
u
g
h
th
e
calcu

lated
F
erm

i
su
rface

in
th
e
m
o
m
en
tu
m

p
lan

es
co
rresp

o
n
d
in
g
to

th
e
m
easu

rem
en
ts

in
F
ig
s.

2
(a)

an
d
2
(b
),ab

o
u
t
2
7
5
m
eV

ab
ove

th
e
C
B
M
,are

sh
ow

n
in

th
e

left
p
an
els,as

are
co
n
stan

t
en
erg

y
cu
ts
th
ro
u
g
h
th
e
valen

ce
b
an
d
4
8
5
m
eV

b
elow

th
e
V
B
M

in
th
e
rig

h
t
p
an
els.

T
h
e

lifetim
e
b
an
d
b
ro
ad
en
in
g
h
as

b
een

m
an
u
ally

ad
d
ed
.
T
h
ese

d
ata

co
m
p
lete

th
e
p
ictu

re
o
f
th
e
3
D

R
ash

b
a-ty

p
e
F
erm

i
su
rface,tak

in
g
th
e
fo
rm

o
f
a
sp
in
d
le
to
ru
s
d
isto

rted
acco

rd
-

in
g
to

th
e
cry

stal
sy
m
m
etry

an
d
,
as

w
ill

b
e
sh
ow

n
b
elow

,
co
ex
istin

g
w
ith

a
2
D
R
ash

b
a-sp

lit
su
rface

state
[F
ig
.
2
(e)].

T
h
e
U
V
A
R
P
E
S
d
ata

[F
ig
s.
1
(e)–1

(g
)]
sh
ow

a
state

w
ith

an
in
-p
lan

e
d
isp

ersio
n
sim

ilar
to

th
at

o
f
th
e
b
u
lk

co
n
d
u
c-

tio
n
b
an
d
state

m
easu

red
n
ear

th
e
A
p
o
in
t
[F
ig
.
1
(a)]

b
u
t

sh
ifted

b
y
1
0
0
m
eV

to
h
ig
h
er

b
in
d
in
g
en
erg

ies
an
d
ex
hib

-
itin

g
a
20%

larg
er

m
o
m
en
tu
m

sp
littin

g
.
In

co
n
trast

to
R
ef.

[5
],
w
e
in
terp

ret
th
is

state
as

a
su
rface

state
an
d
n
o
t

a
bu
lk
-d
erived

Q
W
S
,
b
ased

o
n
th
e
fo
llow

in
g
arg

u
m
en
ts.

F
irst,

w
e
sh
ow

th
e
ab
sen

ce
o
f
d
isp

ersio
n
o
f
th
e
su
rface

state
in

th
e
o
u
t-o

f-p
lan

e
m
o
m
en
tu
m

(k
z )
d
irectio

n
th
ro
u
g
h

p
h
o
to
n
-en

erg
y
-d
ep
en
d
en
t
d
isp

ersio
n
m
ap
s,

as
sh
ow

n
in

F
ig
s.
1
(e)

an
d
1
(f).

A
sid

e
fro

m
stro

n
g
in
ten

sity
variatio

n
s

d
u
e
to

m
atrix

elem
en
t
effects,th

e
b
an
d
s
d
o
n
o
t
ch
an
g
e
as

a
fu
n
ctio

n
o
f
p
h
o
to
n
en
erg

y.T
ak
in
g
in
to
acco

u
n
tth

atatth
ese

low
p
h
o
to
n
en
erg

ies
h
alf

a
B
rillo

u
in

zo
n
e
is

sw
ep
t
b
y

ch
an
g
in
g
th
e
p
h
o
to
n
en
erg

y
b
y
ro
u
g
h
ly

1
0
eV

,
th
e
states

can
b
e
said

to
n
o
t
d
isp

erse
in

k
z
at

all.
T
h
ere

is
n
eith

er
a

sig
n
ifi
can

t
p
h
o
to
n
-en

erg
y
d
ep
en
d
en
ce

in
th
e
F
erm

i
m
o
-

m
en
ta

n
o
r
in

th
e
p
arab

o
la

ap
ex

aro
u
n
d
0.3

3
eV

,
as

can
b
e

seen
in

th
e
u
p
p
er

an
d
low

er
p
an
els

in
F
ig
.
1
(g
).

T
h
e
o
rig

in
o
f
th
is

state
can

b
e
u
n
d
ersto

o
d
fro

m
D
F
T

calcu
latio

n
s
fo
r
b
o
th

T
e-

an
d
I-term

in
ated

su
rfaces.

T
o

calcu
late

th
e
sp
ectru

m
o
f
th
e
T
e-term

in
ated

su
rface,

w
e

u
sed

a
2
4
lay

er
slab

w
ith

a
free

tellu
riu

m
su
rface

o
n
o
n
e

slab
sid

e
an
d
a
h
y
d
ro
g
en
-p
assivated

io
d
in
e
term

in
atio

n
o
n

th
e
o
th
er

sid
e.T

h
e
tellu

riu
m

su
rface

h
o
sts

th
e
R
ash

b
a-sp

lit
electro

n
lik

e
su
rface

state
w
ith

in
th
e
bu
lk
b
an
d
g
ap

an
d
w
ith

a
d
isp

ersio
n
th
at

is
in

ex
cellen

t
ag
reem

en
t
w
ith

th
e
p
h
o
to
-

em
issio

n
d
ata.

O
n
th
e
o
th
er

h
an
d
,
a
h
o
lelik

e
su
rface

state
ap
p
ears

at
th
e
I-term

in
ated

su
rface

(in
th
is

case,
th
e
T
e-

term
in
ated

sid
e
o
f
th
e
slab

is
p
assivated

).
In

F
ig
.
1
(h
),
w
e

sh
ow

b
o
th

sp
in
-sp

lit
su
rface

states
at

th
e

T
e-

an
d

I-
term

in
ated

su
rfaces.

In
th
e
U
V
A
R
P
E
S
d
ata

in
F
ig
.
1
(e),

a
h
o
lelik

e
state

in
d
eed

cro
sses

th
e
g
ap

an
d
ov
erlap

s
w
ith

th
e

electro
n
lik

e
su
rface

state
in

ag
reem

en
t
w
ith

th
e
th
eo
retical

p
red

ictio
n
s.

S
in
ce

o
n
all

m
easu

red
sam

p
les

b
o
th

su
rface

states
w
ere

o
b
served

,w
e
co
n
clu

d
e
th
at
b
o
th

su
rface

term
i-

n
atio

n
s
are

p
resen

t
in

d
o
m
ain

s
o
f
sizes

sm
aller

th
an

th
e

sy
n
ch
ro
tro

n
lig

h
tsp

o
t.T

h
is
is
o
n
ly
p
o
ssib

le
if
b
o
th
stack

in
g

(a)
(b)

(c)
(d)

(e)
(f)

(g)

F
IG

.
2

(co
lo
r

o
n
lin

e).
(a),(b

)
S
X
A
R
P
E
S

p
h
o
to
n
-en

ergy
-

d
ep
en
d
en
t
co
n
stan

t
b
in
d
in
g
-en

erg
y

m
ap
s
o
f
th
e
low

est
bu
lk

co
n
d
u
ctio

n
b
an
d
at

th
e
F
erm

i
lev

el
an
d
o
f
th
e
h
ig
h
est

valen
ce

b
an
d

at
1

eV
b
in
d
in
g

en
erg

y
in

th
e

(a)
"
–M

–A
–L

an
d

(b
)
"
–K

–A
–H

p
lan

es.
(c),(d

)
D
F
T

calcu
latio

n
s
co
rresp

o
n
d
in
g

to
th
e
d
irectio

n
s
an
d
en
ergies

in
(a)

an
d
(b
).
(e)

3
D

sch
em

atic
rep

resen
tatio

n
o
f
th
e
b
u
lk

F
erm

i
su
rface

(d
ark

o
ran

g
e)

an
d
th
e

su
rface

state
F
erm

i
su
rface

(lig
h
t
g
ray

).
(f)

T
o
p
o
lo
g
ical

tran
si-

tio
n
o
f
th
e
b
u
lk

F
erm

i
su
rface

as
a
fu
n
ctio

n
o
f
th
e
ch
em

ical
p
o
ten

tial.
(g
)
B
u
lk

an
d
su
rface

B
rillo

u
in

zo
n
es.

P
R
L
109,

1
1
6
4
0
3
(2
0
1
2
)

P
H
Y
S
I
C
A
L

R
E
V
I
E
W

L
E
T
T
E
R
S

w
eek

en
d
in
g

1
4
S
E
P
T
E
M
B
E
R

2
0
1
2

1
1
6
4
0
3
-3

measurements were performed at a sample temperature of
11 K and a base pressure lower than 10!10 mbar. The
SARPES data were taken at 20 K.

For structural optimization and electronic band calcula-
tions, we employed density functional theory (DFT) with
the generalized gradient approximation of Ref. [10] for the
exchange-correlation potential as implemented in VASP

[11]. The interaction between the ion cores and valence
electrons was described by the projector augmented-wave
method [12]. The Hamiltonian contained scalar relativistic
corrections, and the SOI was taken into account by the
second variation method [13].

BiTeI has a hexagonal crystal structure and is built up of
alternating layers of bismuth, tellurium, and iodine atoms
stacked along the hexagonal axis. The continuous stacking
order of the layers of the three atomic species breaks the
inversion symmetry. DFT calculations show that the ab-
sence of inversion symmetry allows the strong SOI to lift
the spin degeneracy of every band away from the time
reversal invariant momenta (!, A, M, L). In particular, the
bulk conduction band minimum (CBM) and the valence
band maximum (VBM) are shifted away from the A point
at the Brillouin zone boundary towards theH and L points.

Because of the broken inversion symmetry, an untwinned
BiTeI crystal has two different terminations. The weak
bonding between the Te and I layers provides a natural
cleaving plane; therefore, the termination layer is either
purely formed of iodine or tellurium atoms, depending on

the stacking order of the underlying layers. Despite the
lacking inversion symmetry in the crystal structure, the
bulk band structure neglecting spin is inversion symmetric
due to the time reversal symmetry.
The bulk band structure of BiTeI as observed with

SXARPES is presented in Figs. 1(a)–1(c). At these high
photon energies, photoemission from the bulk states is
dominant over surface state emission, while the latter is
emphasized in the more surface sensitive UVARPES
[Figs. 1(e)–1(g)]. Figure 1(a) shows a band map along
A–L measured at 760 eV photon energy. In accordance
with previous optical measurements, the bulk band gap is
400 meV [7]. The 3D nature of these bands is evident from
their dispersion behavior, which is shown in
Fig. 1(b). Both for the valence band and the conduction
band, a clear kz dispersion is observed. At 760 eV photon
energy, corresponding to the 16th A point in the Brillouin
zone, the CBM binding energy is largest and decreases
away from the A point and eventually disperses above the
Fermi level around 800 eV photon energy.
Figure 1(c) shows the dispersion along the !–A direc-

tion, i.e., for kk ¼ 0, measured by sweeping photon ener-
gies from 310 to 850 eV. Because of the non-negligible
photon momentum transferred to the photoelectrons at the
used photon energies, the measured electron momenta
have been corrected for the photon momentum projected
on the particular electron momentum axis. The kz disper-
sion of the conduction band follows the periodicity of the
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FIG. 1 (color online). (a) SXARPES band map of the bulk state at 760 eV photon energy (16th zone boundary). (b) Band maps at
760–790 eV photon energy. (c) Band map along !–A (i.e., kk ¼ 0); the dashed lines indicate the Brillouin zone boundaries. (d) DFT
bulk spectra for a set of kz values along "M– "!– "M0. The measured Fermi level is indicated by a lower intensity of the unoccupied states.
(e),(f) High-resolution ARPES band map of the surface state at 24–30 eV photon energy. (g) Fermi surface map along "!– "M and map of
the parabola minimum at 0:06 #A!1 as a function of photon energy (20–63 eV). Indicated are the Brillouin zone boundaries (dashed
lines) and the parabola minima (arrows). (h) Slab calculations for iodine and tellurium termination. For both terminations, a surface
state appears in the bulk band gap.
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In contrast to the QC-type states, such I K( )PE z -dependence is aper-
iodic and, as E z( ) is typically smooth and dominated by low spatial
frequencies, rapidly decays with Kz as sketched in Fig. 1 (c). This
characteristic ARPES response of the LO-type states sharply contrasts to
the periodic and slowly decaying ARPES response of the QC-type states.
We note that in the LO-case the I K( )PE z -dependence varies with Kxy
through the coefficients BKxy.

If wavefunctions of the LO-states are symmetric in the out-of-plane
direction like the s- or pxy-orbitals, in many cases their E z( ) can be
approximated by a Gaussian ( )e 2 ln (2) z

d
2
where d is FWHM of corre-

sponding electron density distribution (mind the factor 2 coming
from the wavefunction squaring). Combining it with the final-
state damping =e eK z z/2z

i , for any Kxy we obtain I K( )PE z
Kxy ∝

( )F e eK K z 2 ln(2)
2

z z
i z

d
2

= + K e(1 4 )z K2 2 1 d
z

2
2 ln (2)

2 which is a con-
volution of Lorentzian (distorted by the λ(Kz)-dependence) and
Gaussian profiles centered at Kz= 0. Physically, the larger λ and d in
these profiles, the faster the decay of ARPES intensity with hv. With a
good estimate of λ, fitting of the experimental Kz-dependence with this
profile will yield an estimate of the wavefunction spatial extension
d. If we can neglect λ(Kz) through the Lorentzian profile, I K( )PE z
reduces to a Voigt profile. With its FWHM approximated as+ + d0.27 0.054· ln (2)·1 2 2 . Accuracy of this approximation im-
proves towards the d ≪ λ limit, when the Lorentzian component with
less certain λ becomes negligible. We note that whereas these formulas,
based on Gaussian approximation of the out-of-plane symmetric LO-
wavefunctions, predict the increase of I K( )PE z towards Kz= 0, for the
antisymmetric wavefunctions like the pz-orbitals the corresponding
I K( )PE z goes there to zero [25]. In any case, however, I K( )PE z for the LO-
type states is aperiodic and decays with increase of Kz.

4. Analysis of experimental ARPES data

4.1. QC-states

Belonging to the QC-type states are the Shockley-Tamm surface
states which are essentially bulk Bloch waves, confined at the surface by
band gaps in the bulk band structure. Owing to the higher Fourier
components of the Bloch waves and typically long-range character of
these surface states, the oscillating ARPES signal from them can persist
with increase of hv up to 1 keV and even higher. This can be illustrated
by results of Hofmann et al [34] on the Shockley-Tamm surface state on
Al(100) which are reproduced in Fig. 2. The ARPES peaks coming from
the bulk sp-band disperse as a function of Kz varied through hv. The
dispersion maxima at three consecutive hv-values are achieved where
Kz reaches the X-point. The surface state peak (marked SS) in the sp-
band gap, in contrast, does not disperse as a function of Kz that is
characteristic of its 2D nature. However, its intensity blows up when-
ever Kz reaches the X-point, following the periodic I K( )PE z pattern in
Fig. 1 (c). This indicates that kz of the periodic B z( )-part of the surface-
state wavefunction falls onto the X-point. Even at high hv the ARPES
response of the surface state stays comparable with that of the bulk
states, which is consistent with its large out-of-plane extension of>
10 Å. However, a quantitative evaluation of E(z) from the these data is
difficult because energy resolution of this early soft-X-ray ARPES ex-
periment was insufficient to resolve the surface-state peak from the sp-
bands in the X-point. Another example of strong oscillating ARPES re-
sponse persisting at high hv is the surface state in BiTeI [35].

An intriguing peculiarity of the data on Al(100) is that apart from
the main dispersion branch of the bulk ARPES peaks one can observe
few weaker secondary branches (marked A-B) that correspond to dif-
ferent kz-values. In particular, hv∼ 330 eV brings kz of the main branch
to the Γ-point and that of the branch A to the X-point. This fact evi-
dences that the final state deviates from the FE-type plane wave ei rK

that would have selected one single kz. In fact, it incorporates two

different bands with different kz and leading Fourier components+C F e E z e{ ( ) }G
G

K K z i k G z
K

( ) 2

z xy
z

z z
i z z which produce ARPES peaks of si-

milar intensity. One may think of such a multiband final state as a
composition of umklapp bands or, in the Mahan's terminology, sec-
ondary photoemission cones [36]. This phenomenon beyond the simple
FE-approximation, resulting from hybridization of plane waves through
V(r), has been studied experimentally and theoretically in low-energy
ARPES for bulk bands of various materials including Cu [37,38] and
transition metal dichalcogenides [37,38,23,39] as well as surface states,
in particular for the Al(100) and (111) surfaces [18]. It is surprising to
see in Fig. 2 that, although Al is one of the most FE-materials, the
multiband final-state composition carries on at least to 400 eV. This
phenomenon is actually surprisingly common in the soft-X-ray energy
range, and will be addressed in detail elsewhere. Here we only note that
it does not in general hamper interpretation of soft-X-ray ARPES data,
because the intrinsic out-of-plane momentum broadening Δkz [40] in
this hv-range typically reduces below kz-separation of different Bloch
waves that allows reliable assignment of the corresponding spectral
structures. Non-FE effects in ARPES of molecular systems are discussed
below.

Further examples of hv-dependent ARPES of surface states, starting
from the pioneering work of Louie et al [12] on Cu(111), include var-
ious surfaces of Al, Cu, Ag and Au [17–19], topological materials [41],
Weil semimetals [42], etc.

For the QW-states, an impressive example of their periodic ARPES
response has been demonstrated for thin Ag films on Ni(111) [43]
where constant-initial-state spectral peaks from the states confined in

Fig. 2. ARPES data on Al(100) in a wide hv-range. The ARPES peaks oscillating
in Eb as a function of hvmanifest the bulk sp-bands, and those at constant Eb the
surface state (SS). In agreement with the characteristic pattern in Fig. 1, its
response blows up whenever Kz comes to the X-point. The secondary dispersion
branches A and B of the sp-bands manifest multiband composition of the final
states (adapted from [34]).

V.N. Strocov -RXUQDO�RI�(OHFWURQ�6SHFWURVFRS\�DQG�5HODWHG�3KHQRPHQD���������������²���
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Shockley surface state of Al(100) 
Intensity oscillates with photon energy 
Still visible at high hv 
(Topological SS is also Shockley type)

P. Hofmann et al, Phys. Rev. B 66  245422. (2002)

S. Muff et al. / Applied Surface Science 432 (2018) 41–45 43

Fig. 2. Core level intensity obtained with h! = 600 eV at normal emission (black) and 45◦ rotated (red) as illustrated in the setup sketch. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web  version of this article.)

Fig. 3. (a) Dispersion at the Fermi energy as a function of photon energy and kx . (b)
Fermi surface measured at h! = 60 eV and (c) band structure along the high symmetry
direction "̄X.  (For interpretation of the references to color in this figure legend, the
reader is referred to the web  version of this article.)

of photon energies in Fig. 3(a) shows no dispersion of these states
with out-of-plane momentum, verifying their two-dimensional
nature. In contrast to the well-studied metallic states present at the
surface of SrTiO3 (001) and KTaO3 (001) [11–15] we  have no indica-
tion of three-dimensional features, making the 2DEG the only states
contributing to the metallicity. Similar to the other perovskites the
spectral intensity of the 2DEG at the CaTiO3 surface increases under
UV-irradiation. This is attributed to light induced surface rearrange-
ments and induced carriers [15].

The circular Fermi surface of "(100) is depicted in Fig. 3(b) and
the corresponding clear free-electron-like parabolic band along the
high symmetry direction "̄X in Fig. 3(c). The in-plane momentum
g ≈ 1.57 Å−1 at the ring center, corresponding to the momentum
of "(100), is equal to a lattice parameter of a ≈ 4 Å. This is in good
agreement with the lattice parameter of the pseudo-cubic unit
cell of CaTiO3 and the SrTiO3 substrate. Also clearly visible in
Fig. 3(a) is the intensity at the Fermi energy of an additional, folded
parabola between "(000) and "(100) due to the surface reconstruc-
tion observed also in LEED as described in Section 2. Similar band

folding has been observed for the (1 × 4) reconstructed anatase TiO2
films [38].

The band structure of the 2DEG in Figs. 3(c) and 4(b) can
be fitted with a free-electron-like parabola yielding an effective
mass of m* ≈ 0.39me, a Fermi momentum of kF ≈ 0.20 Å−1, a Fermi
velocity of vF ≈ 6.3 × 105 m/s, and a band minimum at a binding
energy of Eb ≈ 400 meV. This corresponds to a charge carrier density
per parabola of 6.4 × 1013 cm−2 or 0.1 e−/a2 with a = 3.822 Å. This
charge carrier density is similar to SrTiO3 [12,15] while the band
width is significantly higher and the effective mass much lower
than for SrTiO3 and KTaO3. The ARPES measurements with s- and p-
polarized light in Fig. 4(c)–(f) confirm the xy-symmetry of the 2DEG
with no indications of bands with xz-  or yz-symmetry. The 2DEG
thus consists of the Ti 3dxy bands splitted from dxz/dyz by crystal
field splitting and partially filled due to surface band bending and
light induced carriers.

With the absence of the Ti 3dxz and 3dyz bands and the two-
dimensional Ti 3dxy bands at relatively high binding energies, the
splitting between the dxy and dxz/dyz-bands has to be large, at least
of the size of the observed bandwidth of ≈400 meV. This splitting
is considerably larger than the 240 meV  measured for SrTiO3 [15]
but smaller than for TiO2 anatase where 1 eV is reported [17,18].
For the orthorhombic oxide LaAlO3 a comparable noncubic crys-
tal field splitting of 120–300 meV  for the t2g sub shell is reported
[39]. However, there is no detectable additional splitting of the Ti
3dxy band as observed for SrTiO3 [16]. Comparing SrTiO3 to CaTiO3
the increased rotation of the TiO3 octahedron in the later due to
the orthorhombicity will likely reduce the local electric fields as
observed in other perovskites [40]. The resulting weak polariza-
tion field at the surface could be the reason that the splitting is too
small to be observed in our data.

The results of the fitting are indicated in Fig. 4(a) and (b) showing
the circular Fermi surface composed by parabolic bands for the pri-
mary "-points as well as for the reconstructed "-points. Along the
"̄X direction, the Fermi surfaces and parabolic bands corresponding
to the folded "-points, which are present as a result of the recon-
struction, are clearly visible in the data. However their intensity is
weaker than the signal of the 2DEG at the primary "-points. In con-
trast to the folding along the high-symmetry direction, the "-points
offset by 1/4 · g in ky direction are not present in the data. A possible
reason for this is a change of the reconstruction from c(4 × 2) either
to a combination of (2 × 1) and c(2 × 2) or more likely to p(2 × 2)

Similar effect for surface states of CaTiO3(001)

 S. Muff et al. Applied Surface Science 5, 229 (2017)
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Contributions to measured linewidth: 
- Instrumental resolution (photon, electron analyzer) 
- Temperature (Fermi Dirac, phonons) 
- Initial state lifetime 
- Final state lifetime 
- Interactions (electron-electron, electron-defect, …)

tight-binding model calculations.31 The authors did rule out
several other possible explanations, especially those related
to the herringbone reconstruction32,33 (23!)), which has
been considered in the literature as being responsible for in-
fluencing the STS results.34 The observed splitting leads to
two peaks in the energy distribution curves !EDC’s" with an
energy separation proportional to the in-plane wave vector
k"!k"! reaching values of about #$#110meV close to kF .
The experimental values for the Fermi vectors given in Ref.
25 are 0.153 and 0.176 Å$1 at room temperature. A depen-
dence of the kF values on the measured k-space direction
!%̄$M̄ or %̄$K̄" or on the photon energy could not be de-
tected. However, the physical origin of the observed splitting
is still discussed, in particular because STS and PES show
quantitatively and qualitatively different results for the
Au!111" surface state and an equivalent splitting for the
other noble metal surface states could not be observed by
PES.
In this paper we report on high-resolution PES measure-

ments to investigate the dispersion and the lifetime of the

L-gap surface states on the !111" surface of copper, silver,
and gold.

II. EXPERIMENTAL SETUP

The photoemission data presented here have been mea-
sured with a SCIENTA SES 200 spectrometer and a mono-
chromatized He discharge lamp !GAMMADATA" posi-
tioned under an incidence angle of 45° to the analyzed
direction. The angular mode of the analyzer allows us to
measure a window of %7° simultaneously, which !at He I
excitation" is large enough to map the complete relevant k
range in one direction without any sample rotation. The
angles in the orthogonal direction—necessary for complete
Fermi surface mappings !see below"—could be reached by a
subsequent change of the in-axis rotational degree of free-
dom of the manipulator !tilt". For example, in the case of the
Ag!111" surface state, the time of the measurement of the
complete dispersion in one direction could be reduced to
approximately 5 min. However, the accumulation of a whole
Fermi surface map !FSM" with a tilt step size of 0.2° took
approximately 3 h.
The base pressure of the UHV systems was below 5

!10$11 mbar, increasing—due to the He leakage from the
discharge lamp—to &8!10$10 mbar during the measure-
ments. The samples could be cooled down to approximately
T"8 K on the manipulator. During the measurements, the
temperature was set to T"30K because of the accelerated
surface degradation at lower temperature.35 A comparison of
normal emission spectra at T"8 K and T"30K showed,
that at T"30K, the contributions from thermally activated
phonons to intrinsic linewidth and binding energy of the sur-
face states are negligible. This is in accordance with the ex-
perimental and calculated temperature dependence reported
in the literature.12,13,15
The surfaces of the single crystalline noble metals were

prepared by the standard in situ sputter-annealing cycles !Ar
sputtering at low energies of approximately 1 kV, annealing
by back-side electron bombardment for several hours at
500 °C", repeated until the linewidth at normal emission had
reached the minimum values presented here. The time inter-
val from the end of the annealing procedure to the start of the
measurement at 30 K was approximately 10 min.
The energy resolution of the system was determined by

measuring a Fermi edge of a polycrystalline Ag sample at
T"8 K and a least-squares fit by a Gaussian-broadened
Fermi-Dirac distribution at this temperature. The resulting
value in the angular mode and with He I& radiation (h'
"21.23 eV) was #E"3.5%0.2meV. The angular resolu-
tion, determined both from a standard calibration sample36
and directly from the broadening of the surface states in the
branches of the parabolas !see below", is given by #(
"%0.15°. Slight deviations of the measured vs the nominal
emission angle by nonperfect instrumental alignment have
been corrected numerically.37

III. RESULTS

A. Lifetime width at normal emission

Figure 2 shows the photoemission spectra of the three
investigated surface states on a common energy scale, mea-

FIG. 1. Technological development in PES since the first obser-
vation of the Ag!111" surface state in photoemission spectra: !A"
from Ref. 2 measured at room temperature !RT" with Ar I (h'
"11.83 eV), angular integrated; !B" from Ref. 30 at RT with h'
"13 eV, #E)60 meV and #("1°; !C" from Ref. 13 at T
"56 K with Ar I, #E"21 meV, and #("0.9°; !D" present data at
T"30 K with He I (h'"21.23 eV), #E"3.5 meV and #(
"%0.15°.
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Figure 4. Temperature-dependent linewidth of the Cu(111) surface state at �̄.
Data points are taken from [87]. The solid line is the e–ph contribution to the
linewidth calculated within a 3D Debye model and assuming λ = 0.14. The
dashed line is a rigid displacement of the solid line in order to take e–e and
e–df scattering into account.

A finite experimental energy resolution gives rise to a further complication when we try to
extract the self-energy from photoemission data close to the Fermi energy. A non-negligible
resolution affects the measured dispersion such that kF is shifted towards the direction of
occupied states [65]. kF does therefore not coincide with the observed MDC maximum at EF,
even though any renormalization vanishes at the Fermi energy. Even if we knew �(�k), �� could
therefore only be determined reliably close to the Fermi energy, if the resolution were either
negligible or properly accounted for.

We see that under certain conditions it is possible to determine the real or imaginary part
of the self-energy from the spectral function measured by ARPES. The next task in the analysis
is to relate this to the e–ph coupling strength. The most fundamental quantity for describing
the e–ph interaction is the Eliashberg function α2 F , which cannot directly be extracted from
the experiment. It is, however, closely related to the � through equations (10) and (14). The
difficulty is that there is no trivial inversion to these equations and that the e–ph coupling effects
in � are temperature-dependent, whereas α2 F is not. In the following, we briefly discuss and
illustrate different approaches that have been proposed to extract information about the e–ph
coupling from photoemission data.

A simple approach that is used frequently (for example see [8, 9, 42, 56,
64, 74, 86, 87, 93, 111]) is to measure the temperature-dependent EDC linewidth of a state
far away from EF. In this case, we have seen from (17) that the linewidth is 2|���(T )|. Figure 4
shows the linewidth of the Cu(111) surface state at the �̄ point at a binding energy of 434 meV,
as well as a calculation for the expected �e–ph from (10), using a value of λ = 0.14. The data
points are taken from the work by McDougall et al [87]. Evidently, the agreement between the
calculation and the data points is very good if the latter are rigidly shifted to higher energy.
This is expected according to (1) because the measured linewidth does not only contain the
e–ph contribution but also the e–e and e–df contributions, which are assumed to be independent

New Journal of Physics 11 (2009) 125005 (http://www.njp.org/)

Γ = �/τ

F. Reinert et al. PRB 63, 115415 (2001)

P. Hofmann et al. NJP 11 125005 (2009)



τ = ∞ ⇒ Γi = 0

Hercules 2025 Hugo Dil

What do we measure in ARPES?
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We detect the photoelectron, but measure properties 
of photohole 
Identical QM origin → entanglement 
e.g. Wave function of ph-h collapses when filled → 
lifetime of ph-h reflected in ph-e

sured at normal emission !equivalent to the center of the
surface Brillouin zone "̄#. Here, the peak dispersion has its
minimum and the lines appear with the smallest experimen-
tal linewidth. The peak positions at normal emission for the
Au!111#, Cu!111#, and Ag!111# surface states are 484, 435,
and 63 meV, respectively.
To extract the intrinsic linewidth of the surface states, we

used a simple model for the description of the experimental
photoemission data at normal emission. In the case of Ag
and Cu, the spectra can be described by a single Lorentzian
with a full width at half maximum " !FWHM# broadened by
the finite experimental resolution, which we approximated
by a Gaussian with fixed FWHM $E!3.5meV. Depending
on the individual sample surface, the spectra showed a slight
asymmetry, which can be seen more pronounced in the spec-
tra !B# and !C# in Fig. 1. For our data at normal emission we
can rule out that this asymmetry is due to the finite angular
resolution of the spectrometer, confirmed by respective data
modelations !see below#. The asymmetry is most probably
due to a stepped surface with additional defects, and differs
slightly from preparation to preparation.38 In our model, we
describe this intrinsic asymmetry by a line shape consisting
of two independent Lorentzian halfs with FWHM "" for the
high-binding energy side and "# for the low-binding energy
side towards the Fermi energy. This leads to an asymmetry
parameter A0!(""$"#)/(""%"#).38 To compare our
data with the STM results or other values from the literature,
we considered only the high-binding energy side "" for the
determination of the intrinsic lifetime width !see, e.g., Ref.
13#. In summary, the model curve for the normal emission fit
consists of four independent parameters, i.e., the binding en-
ergy %0 , the intrinsic lifetime width "!"", the asymmetry
parameter A0 , and the energy resolution $E!3.5meV,
which was constant for all spectra analyzed here.
Figure 3 shows the result of a least-squares fit with this

model for the Ag!111# surface state. The shear measured

linewidth !open circles# amounts to FWHM!9 meV, includ-
ing experimental broadening and asymmetry. The resulting
model parameters from the least-squares fit of this spectrum
are binding energy %0!63.3meV, intrinsic Lorentzian
FWHM "!6.2meV, and asymmetry parameter A0
!$0.09. The analysis of the data on different surfaces
showed slight variations of the individual parameters, espe-
cially for the asymmetry parameter A0 . A small asymmetry
was usually correlated with a high-binding energy. However,
within a comparatively small scatter, the results could be
repeatedly reproduced.
The Cu!111# surface state was analyzed analogously !see

Fig. 4#, the result for the intrinsic linewidth is given in Table
I, the other fit parameters are given in the figure captions. For
both Ag and Cu there is no influence of the finite angular
resolution to the line shape of the spectra at the "̄ point, not
even for the asymmetric tailing to lower-binding energies.
The understanding of the Au!111# state is more complex:

although the normal emission spectrum gives the most nar-
row line, the binding energy does not correspond to the band
minimum, because the line consists of the contributions from
the two !probably spin orbit# split parabolas shifted in oppo-
site k direction from the normal emission !see Fig. 8#. How-
ever, the analysis of the narrowest experimentally observed
line !see Fig. 5# in the way described above yields a value of
"!25&1 meV for Au!111#, and accordingly, a surface-state
lifetime of approximately &!27 fs. Because of the particular
splitting of the Au!111# surface-state dispersion, the finite
angular resolution leads—in contrast to Ag and Cu—to a
slight additional broadening at "̄; at angles 0.5°'''5° off
normal emission, this broadening transforms to a split peak
in the EDC’s. We included the dispersion of the two parabo-

FIG. 2. L-gap surface states at normal emission !"̄-point# and
T!30 K for Au, Cu, and Ag on a common energy scale, measured
with He I( radiation (h)!21.23 eV). Note that the experimental
peak positions and linewidths !FWHM# differ slightly from the fit-
ted values given in Table I.

FIG. 3. Least-squares analysis of the L-gap surface state of
Ag!111# at normal emission measured with He I( radiation at T
!30 K. The experimental data !circles# were fitted by an asymmet-
ric Lorentzian, convoluted with the resolution function !Gaussian#.
The least-squares result is plotted by a dashed line, the intrinsic
Lorentzian (FWHM!6.2 meV) by a solid line. The dotted curve is
the fit result without the asymmetry !A0!0, see text#. The residue
of the least-squares fit is given by black bars.
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For states at Fermi level 

F. Reinert et al. PRB 63, 115415 (2001)

Lifetime (linewidth) decreases (increases) with 
increasing EB 
Referred to as electron-electron interaction

Some physics philosophy
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Effective mass and Fermi velocity
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effective mass m* from the curvature of the bands 

Indicates the degree of localization of the electrons 

Fermi velocity from slope at EF 
The group velocity of the conduction electrons
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Momentum conservation (again)
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For 20-100 eV: kphoton ≈ 0.01 to 0.05 Å-1 

For 300-1000 eV: kphoton ≈ 0.1 to 0.5 Å-1
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Figure 2.3: (a) UV-ARPES geometry at the SIS beamline (a = 45 �). (b) SX-ARPES geometry
at the ADRESS beamline with definitions of the manipulator angle JM, jM and the analyzer
angles JA, jA (a = 70 �) [22]. (c) Raw data of the BiTeI Fermi surface. The photon momentum
transfer manifests itself in the shift towards higher analyzer angles with increasing photon
energies.

photoexcitation cross sections of valence bands and core levels are reduced by several orders
of magnitude with respect to the ultra-violet photon energies below 100 eV [22]. This draw-
back is compensated with a high photon flux of 1013 photons s�1 at 1 keV at a beam spot size
of 10 ⇥ 75 µm2. The total cross section is further increased by a small incidence angle of the
photon beam on the sample (90 �

� a = 20 �), such that the number of excited electrons within
the escape depth from the surface is raised [22] (see Fig. 2.3b). Along with the increased flux,
the energy resolution of the beamline is compromised and as the count rate is increased by
a larger pass energy of the analyzer, the overall energy resolution in SX-ARPES is roughly
one order of magnitude larger compared to typical high-resolution ARPES in the ultra-violet
regime (energy and angular resolution ⇠ 100 meV, 0.07 �). In addition, the photoelectrons ex-
perience an enhanced phonon scattering cross–section (increased Debye–Waller factor), which
necessitates cooling of the sample to suppress the resulting incoherent background [22].

Apart from these handicaps, there are several fundamental advantages of SX-ARPES mea-
surements when compared to conventional UV-ARPES (following Ref. [22]): (i) The higher
kinetic energies of the photoelectrons result in larger escape depths l (Fig. 2.4a), which in
turn increases the sensitivity for bulk states and buried states. (ii) Along with the increased
damping distance l of the final state into the crystal, the kz uncertainty, caused by finite
probing depth, is reduced (Dkz = l�1) (Fig. 2.4b) [20]. On top, due to its high energy, the
final state becomes more free-electron-like. Together with the enhanced kz resolution this
simplifies the determination of the kz value in the photoemission process (cf. Eq. 2.8) and

At high energy photon momentum 
does play a role
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final states, the photoelectron momenta before leaving the crystal bulk are obtained by

kx
k
= +

r
2m
h̄

Ekin sin(JM + JA)�
hn

h̄c
sin(a � JM)

ky
k
= �

r
2m
h̄

Ekin sin(jM + jA)�
hn

h̄c
cos(a � JM) sin(jM)

kz =

r
2m
h̄
(Ekin + V0 + FA)� k2

k
+

hn

h̄c
cos(a � JM),

(2.9)

where JM is the angle between the true sample normal n̂ and the optical axis of the analyzer
lens, jM is the tilt angle, and JA, jA are the angles between the photoelectron momentum
and the analyzer lens along the slit as defined in Fig. 2.3b. The analyzer slit orientation is
selectable; for the measurements shown in this Thesis the slit orientation was parallel to the
scattering plane (jA = 0).

2.2 Spin- and angle-resolved photoelectron spectroscopy

2.2.1 Spin polarization in the photoemission process

Since photons do not directly interact with the spin degree of freedom (cf. Hamiltonian 2.2),
the spin is, in principle, conserved in the photoemission process and the photoelectron spin
polarization reflects the spin polarization of the initial state [26]. However, a variety of effects
is known to induce, reduce or reorient the spin polarization of the photoelectrons compared
to the initial state [19, 27–34]. On the one hand, the spectral function A(k, E) in Eq. (2.3)
can incorporate spin-dependent quasiparticle renormalization in materials with strong elec-
tron correlation [19]. In ferromagnetic materials, spin-filter effects can lead to a photoelectron
transport to the surface different for the two spin species [19]. On the other hand, if spin–orbit
interaction is present, the matrix elements Mk

f ,i in Eq. (2.3) can lead to spin-dependent tran-
sition probabilities due to the optical selection rules regarding the total angular momentum.
In particular, circularly polarized light is known to produce highly spin-polarized photoelec-
trons even from unpolarized initial states [35, 36]. But also linearly polarized or unpolarized
light can induce spin polarization in the presence of spin–orbit interaction, caused by the
scattering geometry, photoelectron phase shifts, finite probing depth and other [27, 37]. Even
in the absence of the above mentioned photoemission final state effects, the spin polarization
of photoelectrons originating from spin-polarized initial states depends on the photoemission
matrix elements. Since the initial state is generally a superposition of different orbitals which
are locked to different spin orientations via spin–orbit interaction, the orbital selectivity of
an ARPES experiment directly affects the measured photoelectron spin polarization [28–31].
This kind of initial state photoemission effects on the photoelectron spin polarization will be
discussed in more detail in Ch. 6.

Can be corrected 
(angles depend on geometry)



Hercules 2025 Hugo Dil

Beyond the single particle model
51

How can we detect such interactions in ARPES?

Green’s function: indicates how the binding energies are modified
 

Spectral function:  indicates how the lines look

Self energy: Σ(k,E) = ReΣ(k,E) + ImΣ(k,E) (zero for non interacting situation)

Change in energy Change in lifetime (linewidth)
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Electron-phonon coupling
52

Hydrogen and deuterium on W, influence on surface state

Coupling Between Adsorbate Vibrations and an Electronic Surface State,  
E. Rotenberg, J. Schaefer, S.D. Kevan, Phys. Rev. Lett. 84, 2925 (2000)

Two main parameters; λ and ω0, coupling strength and energy region 

Formation of second band with higher effective mass 
Parameters can only be determined by comparison to non-interacting part of band
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FIG. 1. 2DEG and Eliashberg of CTO thin film

we determine the self-energies from Eq. (??) by directly
convolving a self-energy renormalized spectral function
Ank(") per MDC with an angular resolution of 0.30°. For
such fit we used a parabolic conduction band

"k � EF =
~2k2

2m⇤ � Edxy , (1)

where m⇤ = meme↵ is the quasiparticle mass in terms of
the bare electron mass me and the e↵ective renormaliza-
tion factor me↵ . Details in [supp]

The fitted MDCs of the right branch of the dispersion is
shown in Fig. 1(d), overlaid with the raw data. The fitted
MDCs are shown in the [supp]. The fits to the points be-
low 200 meV show a large error margin due to the strong
incoherent spectral weight close to �10, which hinders the
determination of the minimum of the parabolic disper-
sion. This is characteristic of strong correlated systems
such as the cuprates [ref], and is also commonly found
in the 2DEG on titanates [ref]. In such cases it is useful
to have and unbiased procedure for the determination of
the occupied bandwidth Edxy and e↵ective mass m⇤. We
propose in Section XX of the Supplemental Material a
method for extracting the Eliashberg spectral function
without determining m⇤ such that it can be optimised in
the Bayesian protocol.

With possession of each MDCs’ peak position, we per-
form the Bayesian inference loop and obtain ⌃0(") and
⌃00(") shown in Fig. 1(e). We also obtain the model pa-
rameters, including m⇤/me = me↵ = 0.655, which yields

an occupied bandwidth of Edxy = 338 meV, represented
by the blue parabola in Fig. 1(c).
In contrast to the values reported for the 2DEG on

20 u.c. CTO films of kF=0.20 Å�1, me↵ = 0.39 and
Edxy=0.391 eV [14], we observe larger kF andme↵ values,
while a smaller Edxy in the present 5 u.c. CTO films.
These di↵erences are attributed to the combined e↵ects of
a di↵erent structure relaxation and boundary conditions,
given the reduced thickness of the CTO layer, to the
lower signal/noise in the data used, and in the di↵erent
method used to estimate me↵ and Edxy in [14]. Most
importantly, the optimization procedure yields ↵2F (!),
shown in Fig. 1(d) along with the model function m(!).
Value of lambda???.

B. Ab initio calculations

To interpret the extracted ↵2F (!), we have performed
ab initio calculations of the Eliashberg spectral func-
tion for bulk CaTiO3. The density functional the-
ory (DFT) simulations were performed using the Quan-
tum ESPRESSO software package [15] using the PBEsol
parametrization of the generalized gradient approxima-
tion (GGA) [16]. Details of the calculation of ↵2F (!)
are shown in the supplementary material.
The low temperature phase of bulk CaTiO3 is or-

thorhombic and belong to space group Pbnm, with 20
atom per primitive cell. After structural relaxation, we
obtain the lattice parameters a=5.333 Å, b=5.435 Å, and

Real and imaginary part of self energy are 
related via Kramers-Kronig or Hilbert transform

Electron-phonon interactions in the two-dimensional electron gas on SrTiO3 and

CaTiO3 surfaces
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Influence of surface structural distortions [T-dep,
RIXS], formation of small and large polarons. Im-
portant reliably quantify electron-phonon interac-
tions.Superconductivity and other emergent phenomena
in transition metal oxides, which depend on e-ph cou-
pling. For instance the celebrated superconductivity on
FeSe/STO. Also ”pre-formed Cooper pairs in [1–3]

CTO: [4, 5] STO: [6–8]
In the presence of many-body interactions, the spec-

tral weight distribution of electrons is accessible via the
spectral function A(",k) as:

A(",k) =
1

⇡

�⌃00(")

("(k) � ⇠(k) � ⌃0("))2 + (⌃00("))2
, (1)

where ⇠(k) is the quasiparticle dispersion relation and
⌃(",k) is the quasiparticle self-energy, which renormal-
izes the dispersion relation through interactions of elec-
trons with other particles. The self-energies are experi-
mentally accessible from A(",k) through ARPES exper-
iments [9]. Electrons interacting with phonons, impu-
rities, and other electrons acquire a complex self-energy
⌃(",k) = ⌃0(",k)+ i⌃00(",k). ⌃(",k) modifies the initial
dispersion relation ⇠(k) and redistributes the electronic
spectral weight. We will assume that ⌃(",k) can be de-
composed into three contributions:

⌃(",k) = ⌃im(",k) + ⌃el(",k) + ⌃ph(",k). (2)

Here, the electron-impurity terms ⌃im(",k) and the
electron-electron terms ⌃el(",k) describe interactions

between electrons and impurities and other electrons,
respectively. The expressions used for ⌃im(",k) and
⌃el(",k) are described in the Supplemental Material.
With the decomposition in Equation 2, we assume that
no other coupling mechanisms, such as bosonic modes
other than the phonon modes, are significant for the com-
plex oxides under study. Our primary interest is in the
self-energy term ⌃ph(",k) arising from electron electron-
phonon coupling (EPC). ⌃ph(",k) is determined by the
phonon density of states F (!,k) via a coupling function
↵2(!,k) and a kernel K(",!) as [10, 11]:

⌃ph(",k) =

Z 1

0
↵2F (!,k)K(",!)d! (3)

where ↵2F (!,k) is known as the anisotropic Eliash-
berg coupling function. Henceforth, we will assume that
(at least for an obtained self-energy spectrum) the self-
energy and the Eliashberg function are isotropic, denot-
ing them as ⌃(") and ↵2F (!), respectively.

Expressions for the the kernel K(",!) function at fi-
nite temperatures, an analytic expression for 2D electron
systems of K(",!), in addition to expressions for ⌃0

ph(")
and ⌃00

ph(") in terms of K(",!), are provided in the Sup-
plemental Material. Using the expression for K(",!) in
Equation ?? allows us to numerically invert Equation 3
and obtain ↵2F (!) as our main result.

Additionally, the formalism can be used to obtain an
expression for the mass broadening parameter � from the
following derivative I’d really love to use only the first
equality and write it in-line, then refer to the supp.:

 is Eliashberg function, containing all info on e-ph couplingϵ2F(α, k)

E.B. Guedes, T van Waas, et al. (in preparation)
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with the spectrometer function g!E" and the Fermi-Dirac
distribution f!E, T " ! #exp!E$kBT " 1 1%21. Note that
the Fermi-Dirac distribution has an independent, absolute
temperature scale which cannot be expressed by the re-
duced temperature T$Tc. For the description of the trans-
fer of spectral weight by thermal excitations we define the
absolute temperature by setting Tc ! Tc!V3Si" ! 17.1 K
in this Fig. 1.

For the numerical simulation of the data, the BCS DOS
can be integrated analytically over the finite step size dE
of the spectra, avoiding problems with the divergence at
6´!T ". The discrete convolution with the spectrometer
function was performed via a fast-Fourier transform [16].

Figure 2 shows the experimental data above (filled
circles, T ! 19 K) and below the transition temperature
(open circles, T ! 11 K). The normal metallic spectrum
above Tc can be described by a constant DOS (normalized
to unity), which is cut off by the Fermi-Dirac distribution
of the respective temperature and convoluted with the
spectrometer resolution function. Lowering the sample
temperature significantly below Tc has two dramatic
effects on the PE spectra: A narrow peak appears at an
energy of E ! 23.9 meV, and the spectral weight at EF
drops by more than a factor of 5. In addition, a small peak

−15 −10 −5 0 5 10
energy relative to EF [meV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

no
rm

al
iz

ed
 in

te
ns

ity
 [a

rb
. u

ni
ts

]

exp. data at 11 K
BCS DOS at 11 K
exp. data at 19 K
BCS DOS at 19 K
Fermi edge at 11 K

FIG. 2. Comparison of experimental data at T ! 11 and 19 K
with the broadened BCS density of states. Free parameters of the
least-squares fit: energy resolution DE ! 2.9 meV, gap width
´!11 K" ! 2.5 meV, normal conducting fraction of the surface
C$!1 1 C" ! 13%. The dotted line describes a metallic Fermi
edge at T ! 11 K. The residuum of the fit at 11 K is given as
black bars at the bottom of the figure.

appears at E & 2 meV above EF which is the residue
of the thermally occupied singularity of the BCS DOS.
Taking into account the finite energy resolution, this is
exactly what would anticipate from the BCS theory (cf.
Fig. 1).

The solid and the dashed line in Fig. 2 display the nu-
merically modeled spectra at T ! 11 K and T ! 19 K,
respectively, given by Eq. (4). The other parameters of
the theoretical spectrum are DE ! 2.9 meV and a (half)
gap width of ´!11 K" ! 2.5 meV, which is close to the
zero temperature value ´0. Published values of ´0 of V3Si
are in the range of ´0 ! 2.6 6 0.2 meV [4,5,7,8]. Al-
though the photoemission information depth is limited to
approximately 10 20 Å at this photon energy, the analy-
sis of the spectra of various samples gives good agree-
ment with the results from bulk sensitive measurements:
If there are particular surface properties, the consequence
for the transition temperature Tc is small. On the other
hand, we assume that normal metallic contributions at the
surface lead to the high intensity in the gap region, which
we describe by a fraction of C$!1 1 C" ! 13% to the to-
tal spectrum S!E, T ". A different data modeling with a
distribution of different transition temperatures (instead of
the normal conducting fraction) could not explain the high
intensity in the gap and the shape of the spectra near EF .

The importance of the energy resolution is demonstrated
in Fig. 3. The solid line represents the modeled spectrum
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FIG. 3. Importance of energy resolution to the photoemission
spectra. Modeled spectrum for T ! 11 K from Fig. 2 (solid
line) in comparison to unbroadened DOS (dotted) and spectrum
with increased energy resolution of DE ! 10 meV (dashed).
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V3Si TC = 17 K
Resolution < 5 meV
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polycrystalline and single-crystalline V3Si samples for the
PES experiments was typically about 2 3 2 3 2 mm3.
Prior to the measurement the surface was prepared by
in situ fracturing the crystals at low temperatures T ,
20 K. This procedure resulted in comparatively uneven
and rugged surfaces that — in the case of single crys-
tals —did not show any angular dependence in the spectra.
Because of this increased effective angular integration we
see a uniform DOS close to the Fermi level, although the
calculated band structure shows several bands in the in-
vestigated energy range [15]. The quality of the sample
surfaces was checked by core-level photoemission x-ray
photoemission spectroscopy (XPS) which showed no car-
bon or oxygen contaminations. However, some of the pre-
pared surfaces did not show any BCS like photoemission
spectra or showed a mixture of a BCS and a large fraction
of a normal metallic DOS.

To compare the experimental data to theoretical calcu-
lations we refer to the original work of Bardeen, Cooper,
and Schrieffer [2], wherein the electronic DOS of a weak
superconductor is given as a function of energy and
temperature.

Here, the ratio of the energy gap ´0 at T ! 0 K to the
transition temperature Tc is predicted to be the same for all
superconductors and can be given (in the weak-coupling
limit [2]) by

2´0!kBTc ! 3.5 . (1)

The temperature dependence of the gap at finite tem-
perature below Tc is given by a universal function of T!Tc,
defined by an integral equation which cannot be solved
analytically. Close to Tc this universal function can be ap-
proximated by

´"T # ! 3.2kBTc

s

1 2
T
Tc

! 1.81´0

s

1 2
T
Tc

. (2)

At lower temperatures ´"T # increases more slowly and
approaches ´0 below T $ 1

2 Tc (cf. inset of Fig. 4).
The theoretical BCS density of states at finite tempera-

tures T , Tc has a gap of 2´"T # centered about the Fermi
energy and is given for jEj $ ´"T # by

dN"E, T #
dE

! N"0#
jEj

p

E2 2 ´"T #2
, (3)

which is singular at the edges of the gap E ! 6´"T #.
Inside the gap the DOS is zero. N"0# is the DOS of the
Bloch-states at E ! EF ! 0. For temperatures above Tc
the density of states is assumed to be constant in energy
[given by N"0#]. The angular integrated photoemission
spectrum measures only the occupied DOS, therefore the
BCS DOS given above has to be multiplied by the Fermi-
Dirac distribution at the experimental sample temperature.

Figure 1 shows a sketch of the BCS DOS at three
different temperatures below Tc. The left hand side of the
energy axis corresponds to the energies below EF where
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FIG. 1. Theoretically calculated density of states (DOS) from
Ref. [2] for three different temperatures T , Tc (solid lines)
with Tc ! 17.1 K (see text). The DOS shows a symmetric gap
around the Fermi level EF at E ! 0, which decreases for tem-
peratures approaching Tc. The filled areas describe the thermally
occupied states at the respective temperature.

N"E, T ! 0# describes the occupied density of states. Ac-
cording to Eq. (3) each spectrum shows two square-root
singularities at 6´"T # defining the gap. Increasing the
temperature has two independent effects: (1) the states
above EF will be thermally occupied, described by the
Fermi-Dirac statistics, and (2) both the gap widths and
the enhanced DOS at the gap edges decrease, finally
reaching a constant metallic DOS at temperatures T . Tc
(not shown).

Experimentally, the finite energy resolution of the
photoelectron spectrometer leads to a broadening of the
DOS structures which can be described by a convolution
with an appropriate spectrometer function. The spec-
trometer function is well approximated by a Gaussian,
for which the full width at half maximum (FWHM) DE
gives the energy resolution of the system. This parameter
can be extracted from the measurement of metallic Fermi
edges at very low temperatures "4kBT , DE# or from
gas phase measurements. For our system we got a net
energy resolution of DE ! 2.9 6 0.2 meV. No further
broadening was applied to the BCS DOS to describe the
experimental data. The position of the energy zero is
taken from the reference spectra of the Ag Fermi edge,
but due to the steepness of the V3Si spectra a fine tuning
of $ 6 0.2 meV was allowed in the least-squares analysis
of the data.

To describe the (possible) fraction of the surface with
normal metallic properties we add a constant density of
states C ! const, which is cut off by the Fermi-Dirac dis-
tribution. Thus we have the function describing the PE
spectrum

S"E, T # !
Z 1`

2`
de

∑

dN"e, T #
de

1 C
∏

g"E 2 e#f"e, T # ,

(4)

3931

No electron DOS inside superconducting gap
(only Cooper pairs)

Phys. Rev. Lett. 85, 3930–3933 (2000)
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dence monochromator with a resolving power of 104 at
1011 photons/s. We used 22-eV photons, with a 17-meV �full
width at half maixmum� energy resolution, and a momentum
window of radius 0.045� �in units10 of 1/a*).
The crystals, which were grown by the traveling solvent

floating zone method with an infrared mirror furnace, have
low defect densities with structural coherence lengths �1250
Å obtained from x-ray diffraction. The samples were cleaved
in situ at 13 K in a vacuum of �5�10�11 Torr. Most
samples have very flat surfaces after cleaving, as measured
by specular laser reflections. A flat surface is crucial for this
experiment since it directly affects the momentum resolu-
tion. Another measure of the sample quality is the observa-
tion of the ‘‘ghost’’ bands due to the superlattice distortion;
in our best sample �87-K Tc , with a 1-K transition width� we
have now also seen evidence for the second umklapps from
the superlattice. We will also present data from three other
samples with a 90-K Tc .
In Fig. 1, we show the 13-K experimental energy distri-

bution curves �EDC’s� for the 87-K Tc sample for various
locations on the main band Fermi surface �FS� in the Y quad-
rant. The spectra shown correspond to the minimum observ-
able gap along a set of k points normal to the FS �for a
detailed discussion of this in the context of a study of
particle-hole mixing, see Ref. 8�. These spectra are obtained
from a dense sampling of k space in the vicinity of the FS
which is almost five times denser than previous data. In Ref.
5 a k-step size of 0.064� normal to the FS and 0.064–0.081
� along the FS was used in the Y quadrant �the radius of the
k window is 0.045�). The problem is that the bands are
highly dispersive along �Y with an energy change of about
85 meV per 0.064� step, and thus kF cannot be located
accurately. Therefore, in our new measurements, we use a
step size of 0.0225� normal to the Fermi surface and 0.045
� along the Fermi surface. This not only allows us to map
out the nodal region more clearly, but also improves by a
factor of about 3 our ability to locate that spectrum whose
binding energy at the center of the momentum window is
closest to the Fermi energy �that is, the step size normal to
the Fermi surface now corresponds to a dispersion of about
30 meV per step�. In addition, at each k point the

photon polarization is chosen along �X so as to maximize
emission on the �Y diagonal direction, i.e., �Y� geometry
�a polarization rotated 45° relative to this was used in Ref.
5�.
In each panel of Fig. 1 we also plot the spectrum of a

platinum reference, in electrical contact with Bi2212, mea-
sured periodically to determine the chemical potential, and to
check for drifts in beam energy. �The polycrystalline Pt spec-
trum is a weighted density of states whose leading edge is an
energy-resolution limited Fermi function.� The simplest gap
estimate is obtained from the midpoint shift of the leading
edge of Bi2212 relative to Pt. This has no quantitative valid-
ity �since the Bi2212 EDC is a spectral function,6 while Pt is
a density of states� but yields an angular dependence which
is qualitatively similar to the results described below.
The simplest way to quantitatively estimate the gap is to

model5 the data in terms of a simple BCS line shape formula,
taking into account the measured energy dispersion and the
known energy and momentum resolutions. Two important
points need to be discussed in connection with such fits: first,
the lack of knowledge about the spectral line shape, espe-
cially its incoherent part, and, second, the large background
in Bi2212 whose origin is unclear. In the large gap region
near the M̄ point, we see a linewidth �imaginary self-energy�
collapse, for frequencies smaller than 3� , upon cooling well
below Tc .6,7 Thus the coherent piece of the spectral function
is modeled by the BCS line shape, with all of the incoherent
part lumped together with the experimental background in so
far as the fitting procedure is concerned. We also showed5
that it was self-consistent �though perhaps not unique� to
make the same assumption in the small gap region; the much
larger width of the EDC in the diagonal direction arising due
to the k resolution combined with the large dispersion.
The gaps extracted by fitting the spectra of Fig. 1 are

shown in Fig. 2. We emphasize that since the gap is deter-
mined by fitting the resolution-limited leading edge of the
EDC, it is relatively unaffected both by self-energy effects,
and by the experimental background which cuts off at low
frequencies. To check this, we have made an independent set
of fits to the small gap data where we do not use any back-
ground fitting function, and only try to match the leading

FIG. 1. Bi2212 spectra �solid lines� for a 87-K
Tc sample at 13 K and Pt spectra �dashed lines�
versus binding energy �meV� along the Fermi
surface in the Y quadrant, with locations shown
in Fig. 2.
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edges, not the full spectrum. The two gap estimates are con-
sistent within a meV. The �vertical� error bars of �3 meV on
the gaps in Fig. 2 come primarily from the quality of the fit
to the leading edge of the data and uncertainty in the location
of the center of the k window �near the diagonal direction�,
with smaller contributions coming from chemical potential
determination ��0.5 meV� and background modeling �� 0.5
meV�. Horizontal error bars represent the accuracy in which
we can determine the Fermi surface angle. This does not
include any effective error bar coming from k resolution,
since this is in principle taken into account in the fits. The
angular variation of the gap in Fig. 2 is in excellent agree-
ment with that expected from a d-wave order parameter of
the cos(kx)�cos(ky) form.12
Next we turn to the X quadrant of the 87-K Tc sample. It

is now recognized9 that the two node gap observed
previously5 in the �X�� geometry came from an even linear
combination of the ‘‘ghost’’ bands due to the superlattice.11
We thus choose the polarization along �Y , so that on the
diagonal we are in a �X� geometry which enhances emis-
sion from the main band.13 The X quadrant gaps, determined
from spectral function fits, are plotted in Fig. 3. We see that
the hump in the gap along �X �45°� seen previously5 has
indeed disappeared. The solid curve is a fit of the data to a
d-wave gap function with a small sample misalignment �1.4°
in real space�. Note that for this data set, the step size along
the Fermi surface was 0.135� and so is not dense enough
around 45° to address the question of the detailed behavior
around the node.
We next summarize the results �Fig. 4� for Y quadrant

gaps extracted from fits on three different 90-K Tc samples.
The main point is to note possible complications which arise
in interpreting data sets which are not as dense in k space as

the detailed Y quadrant measurements on the 87-K sample
described above �the step size along the Fermi surface being
twice as large�. The results on sample I have a region of
reduced gap, consistent with zero, near 45°. To some extent
this may be an artifact of the finite diameter of the k window,
which is 6° in FS angle.14 In addition, we found that for the
small gap points of sample I the leading edge of the data lies
above, i.e., to the right of, that of a zero gap spectral fit,
assuming the k window was centered at kF . We find that a
combination of factors (k-window center, chemical potential
drift, and background� discussed above can indeed conspire
to produce such an anomalous shift. These factors are al-
ready reflected in the �3-meV error bars on the gap esti-
mate, but we reiterate that the error bars must be borne in

FIG. 2. Y quadrant gap in meV versus angle on the Fermi sur-
face �filled circles� with fits to the data using a d-wave gap �solid
curve�. Labels of data points correspond to the spectra of Fig. 1.
Inset shows their locations in the zone as well as the photon polar-
ization direction.

FIG. 3. X quadrant gap in meV, for the 87-K Tc sample, mea-
sured at 13 K, versus angle on the Fermi surface �filled circles� with
fits to the data using a d-wave gap �solid curve�. The photon polar-
ization is along �Y .

FIG. 4. Y quadrant gap in meV, measured at 13 K, versus angle
on the Fermi surface for three different Bi2212 samples each with a
90-K Tc . For visual clarity only a representative error bar has been
shown.
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