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We report on a quantitative investigation of the spin-dependent quasiparticle lifetimes and electron 
correlation effects in ferromagnetic hcp Co(0001) by means of spin and angle-resolved photoem is­
sion spectroscopy. The experim ental spectra are compared in detail to  state-of-the-art many-body 
calculations w ithin the dynam ical mean field theory and the three-body scattering approxim ation, 
including a full calculation of the one-step photoemission process. From this comparison we con­
clude th a t although strong local m any-body Coulomb interactions are of m ajor im portance for the 
qualitative description of correlation effects in Co, more sophisticated m any-body calculations are 
needed in order to improve the quantitative agreement between theory and experiment, in particular 
concerning the linewidths. The quality of the overall agreement obtained for Co indicates th a t the 
effect of non-local correlations becomes weaker w ith increasing atomic number.

PACS num bers: 75.70.Rf, 79.60.Bm, 73.20.At, 71.15.Mb, 75.50.Cc

I. IN T R O D U C T IO N

Over the last decades, the electronic structure and the 
dynamics of electronic states in solids have attracted a 
lot of attention. A better understanding of the binding 
energies and quasiparticle lifetimes in correlated systems 
like 3d ferromagnets1, transition metal oxides2, 4f rare- 
earths3  or high-Tc superconductors4  has been achieved, 
together with im portant experimental progress in pho­
toelectron and related spectroscopies . 5  On the theoret­
ical side, the application of density functional theory 
(DFT) in the local density approximation 6  (LDA) has 
contributed with numerous calculations of single-particle 
E(k) band dispersions of solids, surfaces, and ultrathin 
films.

In the case of magnetic transition metals, an exten­
sive work in this respect has been carried out over the 
past th irty  years . 7 - 1 5  However, the question for the ex­
act role of correlation effects in the bandstructure of 
these systems is still open and no general consensus has 
been reached due to several causes. The most impor­
tan t reasons for the disagreement between theory and 
experiments in these metals have been (i) the narrow­
ing of the 3d bands due to correlation effects and (ii) 
the existence of new features in the photoemission data 
such as photoemission satellites in the core-level and 
valence band spectra which are not well described by 
single-particle approaches such as the generalized gra­
dient approximation 1 6  (GGA) or the local spin-density

approximation (LSDA) in DFT.
Although one would expect a better agreement be­

tween theory and experiment if the atomic number in­
creases within the 3d series, the case of Co, which is the 
focus of the present work, is still an intriguing question. 
First attem pts to compare experiment and theory indi­
cated tha t for Co -but also for Fe- many-body effects can 
be considered small10, in contrast to Ni. 1 7 , 1 8 , 2 0 , 2 1  While 
Ni was considered an example of a strongly correlated 
system where the narrowing of the 3d bands is substan­
tial, first results in Co indicated larger deviations than 
for Fe 1 0 , 1 9 , 2 2  where the energy positions with respect to 
the Fermi energy were about 10% smaller in the exper­
iment than in LDA . 2 3  Moreover, the Fe photoemission 
peaks showed a large linear broadening (^60% of the 
binding energy ) , 2 3  later on predicted to be accompanied 
by a strong loss in spectral weight 2 4  and most recently 
attributed to  the strong non-locality of correlation effects 
in Fe . 2 5  On the other hand, Co has been the subject of 
several photoemission studies since the beginning of the 
80s10,19,26-31, but only a few have been devoted to a de­
tailed comparison between many-body calculations and 
experiments . 1 9 , 2 8 , 3 2  Recently, by comparing experimental 
photoemission spectra of fcc Co to  theoretical calcula­
tions within the three-body scattering approximation 3 3  

(3BS), it has been found tha t due to many-body ef­
fects no sharp quasiparticle peaks exist for binding en­
ergies larger than 2 eV in this system . 3 2  Interestingly, 
this effect has been theoretically explained by the exis­
tence of strong correlation effects which could particu­
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larly affect m ajority spin electrons32, leading to a more 
pronounced renormalization of the majority spin quasi­
particle spectral weight as compared to its minority coun­
terpart. However, these conclusions were not supported 
by experiments involving spin resolution. On the con­
tra ry  in a very recent photoemission experiment on a hep 
Co bulk single crystal with out-of-plane magnetization34 
it has been shown tha t for sufficiently high photon en­
ergies (488-654 eV), the spectral peak widths become 
narrower than previously observed in low-energy exper­
iments and, as a result, quasiparticle bands of weak in­
tensity can be observed even at binding energies larger 
than 3 eV. This effect has been attributed to the sig­
nificant reduction of the final-state broadening contribu­
tion to the measured linewidths at this photon energy 
range. In addition, a detailed analysis of the linewidths 
of the photoemission peaks revealed excellent agreement 
between experiment and calculations within the dynam­
ical mean-field theory35 (DMFT). Although this conclu­
sion was supported for both majority and minority spin 
electrons, once again, no spin resolution was provided 
in these experiments to decompose overlapping contribu­
tions of opposite spin.

In contrast to earlier studies, we utilize in the present 
paper spin resolution in order to give an experimental and 
theoretical corroboration to previous findings. The sys­
tem under study is an ultrathin hexagonal close packed 
(hep) Co film of about 20 monoatomic layers (ML) thick­
ness with an in-plane magnetization.29,36 We compare 
the results from spin- and angle-resolved photoemission 
(SARPES) experiments to theoretical DMFT and 3BS 
many-body calculations, including a complete calculation 
within the one-step model (ISM) of photoemission. Our 
main conclusion is tha t although strong local many-body 
Coulomb interactions play a m ajor role for the qualita­
tive description of correlation effects in Co, more sophis­
ticated many-body calculations including non-local inter­
actions are needed in order to improve the quantitative 
agreement between theory and experiment, in particular 
concerning the linewidths. Although the results are sim­
ilar to the ones previously reported for Fe,25 the better 
agreement obtained in the case of Co indicates a reduc­
tion of the non-locality of correlation effects with increas­
ing atomic number.

II. EXPERIM ENT

Experiments have been performed at room tem pera­
ture with a hemispherical SPECS Phoibos 150 electron 
energy analyzer and linearly polarized undulator radia­
tion at the UE112-PGM1 beamline at BESSY II. For spin 
analysis, a Rice University M ott-type spin polarimeter 
has been operated at 26 kV.37 The angular resolution 
of the equipment is better than 1° and the average en­
ergy resolution about 100 meV. The Co(0001) surface 
has been prepared on W(110) by deposition of 20 ML 
Co from a high purity wire and post-annealing during 5

2

FIG. 1: (color online), (a) Geometry of the experiment, (b) 
Six-fold sym m etry observed in the LEED patte rn  of the hep 
Co(0001) surface, (c) Sketch of the SBZ of the hep lattice. In 
(a) and (c), the m agnetization orientation is also indicated.

min. at ~  400 °C. The tungsten substrate was cleaned 
before deposition by several cycles of annealing in oxy­
gen (1 x 1 0 -7 mbar) at 1200°C followed by flashing at 
2200° C. The base pressure during the experiments was 
1-2 x 10~10 mbar. Figure 1(a) shows an overview of 
the geometry of the experiment. The linear polariza­
tion of the incident photon beam has been horizontal or 
vertical, and its angle of incidence with respect to the 
surface normal ~45°. Hence, in the reference frame of 
the sample, the light had more p- or full s-character, re­
spectively. The structural quality of the Co films has 
been checked by low-energy electron diffraction (LEED). 
Fig. 1(b) shows the measured LEED pattern  of the hep 
Co(0001) surface acquired with an incident electron beam 
of '--450 eV. Note tha t each diffraction spot corresponds 
to a r  point of the surface Brillouin zone (SBZ), sketched 
in Fig. 1(c). The LEED pattern  of Fig. 1(b) confirms 
tha t the annealing procedure which follows the epitaxial 
growth leads to a well-ordered surface of very high qual­
ity. It is well-known tha t in hep Co(0001), the magnetiza­
tion orientation lies out-of-plane in bulk single crystals34 
and in-plane due to surface anisotropy effects in ultra- 
thin epitaxial films grown on W( 110).29,36 Therefore, in 
our experiments the sample was remanently magnetized 
in the film plane along the Co[1100] (or W[110]) easy 
axis30,38,39, as indicated in Fig. 1(a) and Fig. 1(c). Note 
tha t this direction is parallel to the T - M  symmetry line 
of the SBZ.

III. THEORY

We start our considerations by a discussion of Pendry’s 
formula for the photocurrent which defines the one-step 
model of photoemission40:

/ PES oc Im (e / , k|| | e / , kM) . (1)

The expression can be derived from Fermi’s golden 
rule for the transition probability per unit time.41
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Consequently, / PES denotes the elastic part of the 
photocurrent. Vertex renormalizations are neglected. 
This excludes inelastic energy losses and correspond­
ing quantum-mechanical interference term s . 4 0 - 4 2  Fur­
thermore, the interaction of the outgoing photoelectron 
with the rest system is not taken into account. This 
“sudden approximation” is expected to be justified for 
not too small photon energies. We consider an energy-, 
angle- and spin-resolved photoemission experiment. The 
state of the photoelectron at the detector is written as 
|eƒ, k ||), where k| is the component of the wave vector 
parallel to the surface, and e/ is the kinetic energy of 
the photoelectron. The spin state of the photoelectron 
is implicitly included in |e /,k ||)  which is understood as a 
four-component Dirac spinor. The advanced Green func­
tion G ~2 in Eq. (1) characterizes the scattering proper­
ties of the material at the final-state energy E 2 =  £ƒ• 
Via I'l'/} =  Ie/ , k ||} all multiple-scattering corrections 
are formally included. For an appropriate description 
of the photoemission process we must ensure the cor­
rect asymptotic behaviour of ^ / ( r )  beyond the crystal 
surface, i.e. a single outgoing plane wave characterized 
by £ƒ and k||. Furthermore, the damping of the final 
state due to the imaginary part of the inner potential 
Voi(E2 ) must be taken into account. We thus construct 
the final state within spin-polarized low-energy electron 
diffraction (SPLEED) theory considering a single plane 
wave |e /,k ||)  advancing onto the crystal surface. Us­
ing the standard layer-KKR method 4 3  generalized for 
the relativistic case44,45, we first obtain the SPLEED 
state ƒ (r). The final state is then given as the time- 
reversed SPLEED state (U = —iayK  is the relativistic 
time inversion). Many-body effects are included phe- 
nomenologically in the SPLEED calculation, by using 
a parameterized, weakly energy-dependent and complex 
inner potential V ^ E ^ )  = V ^ E ^ )  +  *Vbi(-£̂ 2 )- The imag­
inary part Voi (i?2 ) was chosen constant in energy. The 
best agreement between theory and experiment was ob­
tained for a value of 2.0 eV for all excitation energies, 
which means it was sufficient to take into account 2 0  

layers for the photocurrent calculation. For the quan­
tum  number 1 we used a maximum value lmaa;=3 to ac­
count for the contribution of d-f like transitions in the 
photoemission m atrix elements . 4 6  This generalized inner 
potential takes into account inelastic corrections to the 
elastic photocurrent4 1  as well as the actual (real) inner 
potential, which serves as a reference energy inside the 
solid with respect to the vacuum level. 4 7  Due to the finite 
imaginary part Voi(i?2 ), the flux of elastically scattered 
electrons is permanently reduced, and thus the amplitude 
of the high-energy wave field ’1' ƒ (r) can be neglected be­
yond a finite distance from the surface. In order to take 
into account strong electronic correlation effects in the 
initial states we use the LSDA+DMFT approach realized 
in the framework of the fully relativistic Korringa-Kohn- 
Rostoker multiple scattering theory 4 8  (SPRKKR). The 
corresponding self-energy YiDMFT(E)  is calculated fully 
self-consistently (e.g. in charge and self energy) via the

DMFT approach . 4 9  Some of the results have been cross 
checked by non-self consistent LSDA+DMFT calcula­
tions, implemented within the full potential linear muffin 
tin orbital (FP-LMTO) m ethod . 3 5  This allows in particu­
lar to use the full-potential option which might be impor­
tan t for more open structures. As a DMFT-solver the rel­
ativistic version of the so-called Spin-Polarized T-M atrix 
Plus Fluctuation Exchange (SPTF) approximation5 0 , 5 1  

was used. In the present study, all the calculations were 
performed with a bulk-like self-energy, i.e. not layer- 
dependent. However, corresponding Bloch spectral func­
tions were cross-checked with the FP-LMTO results us­
ing layer-dependent self-energy and only weak quantita­
tive differences were found.

In addition to these approaches we accounted for 
correlation effects within the three-body scattering 
approximation . 3 3  W ithin the 3BS-approach the self­
energy is calculated using a configuration interaction-like 
expansion. In particular three-particle configurations like 
one hole plus one electron-hole pair are explicitly taken 
into account within 3BS-based calculations. The corre­
sponding output can be directly related to the photoe­
mission process and allows for a detailed analysis of var­
ious contributions to the self-energy (e.g., electron-hole 
lifetime).

IV. RESULTS A N D  D ISC U SSIO N

In this section, we discuss the effects of electron corre­
lations in the spin-dependent electronic structure of hep 
Co. In subsection A, the relativistic notation used to 
label the symmetries of the observed states will be in­
troduced. In subsection B, a detailed analysis of the 
different transitions observed in the experimental and 
theoretical SARPES spectra will be given, focusing on 
the quality of the agreement between theory and exper­
iment. Finally, in subsections C and D, further discus­
sion on the many-body aspects of the Co bandstructure 
will be presented, together with a quantitative analysis 
of the experimental and theoretical linewidths of the Co 
photoemission peaks.

A. Selection rules and hep notation

In contrast to previous studies of hep Co , 2 6  where the 
non-relativistic notation for fee crystals was used to la­
bel the symmetry of the observed states, from now on we 
will follow the relativistic notation given by Benbow 5 2  

for hep crystals. This notation is much simpler since 
due to the lower symmetry it only involves initial and 
final states of A 7 , As and Ag symmetries. This means 
tha t in the geometry used in the experiment (Fig. 1(a)) 
and due to selection rules, only transitions of A 7  and As 
symmetries are suppressed for s-polarization when mov­
ing from r  to A and from A to T in the next Brillouin 
zone, respectively. Hence, only transitions of Ag sym­
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FIG. 2: (color online). (a) Experim ental spin-integrated photoemission spectra of hcp Co(0001) measured w ith p-polarization 
in normal-emission along the TA direction of the bulk Brillouin zone at different excitation energies (steps of 2 eV). The curves 
are labeled by selected photon energies and by the wave vectors in units of rA = 0 .7 7 A -1 ( r  point at x= 0  and A point at 
x=1). (b) Corresponding calculation obtained by the LSD A +D M FT+1SM  m ethod for hcp Co w ith an in-plane m agnetization 
along the [1100] direction, (c) and (d): Spin-integrated band structure calculations for two configurations of the magnetization, 
out-of-plane (along [0001] direction, green (light) lines) and in-plane (along [1100] direction, black (dark) lines). In (c), LSDA 
calculations are shown, and in (d) fully relativistic valence band states obtained self-consistently in the SPRK K R formalism 
by suppressing the imaginary part of the self-energy Im S c M fT .

m etry can be observed with s-polarized photons. The 
effect of matrix-elements, which is also influenced by the 
symmetry of the hcp crystal structure53, is similar to 
the interference effect or Brillouin zone-selection rule re­
ported in Ref. 54, which suppresses the intensities of 
certain bands in a particular Brillouin zone but increases 
them  in the next-higher one. The overall effect leads to 
a bandstructure which is equivalent to the one of an fcc 
crystal if all the hcp bands are folded back about the 
A point . 2 6  This also implies th a t states of A 7  and A 8  

symmetry should be interchanged when crossing the A 
point while states of A 9  symmetry remain unaffected. 
To avoid redundancy, from now on double subscripts will 
be adopted, unless specified. For better clarity, the sub­
script notation of almost degenerated states will follow 
their order of appearance from lower to higher binding 
energy (BE).

B. Spin and angle-resolved photoem ission: a 
com parison theory-experim ent

Figures 2(a) and 2(b) show a comparison between 
the spin-integrated experimental spectra of hcp Co(0001) 
and the corresponding theoretical LSDA+DMFT+1SM

calculations for p-polarization along the TA direction of 
the bulk Brillouin zone. The k values were calculated 
from the measured photon energies, ranging from 2 2  to 
80 eV and using an inner potential V0=14.8 eV. The best 
correspondence between the BE positions of the exper­
imental and theoretical peaks was found for values of 
the averaged on-site Coulomb and exchange interactions 
of U=2.5 eV and J=0.9 eV, in agreement with previous 
theoretical and experimental studies . 3 2 , 3 5  Therefore, un­
less specified, these have been the param eters of choice 
in all the calculations presented here.

Figures 2(c) and 2(d) show LSDA and fully-relativistic 
LSDA+DMFT calculations of the spin-integrated band 
structures for different directions of the sample magneti­
zation, the out-of-plane [0 0 0 1 ] and in-plane [1 1 0 0 ] direc­
tions (green (light) and black (dark) lines, respectively). 
It can be observed how the different bands shift between 
Fig. 2(c) and Fig. 2(d) towards lower binding energies 
due to electron correlation effects for both magnetization 
orientations.

As already mentioned above, the Co(0001) films are 
magnetized in-plane along the [1100] direction. All 
LSDA+DMFT+1SM  calculations presented here have 
been performed using in-plane magnetization direction. 
However, we show in addition out-of-plane calculations
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in order to emphasize how due to spin-orbit coupling 
effects, changes in the orientation of the magnetization 
correspond to changes in the electronic structure of hcp 
Co. This purely relativistic effect 4 5 , 5 5 , 5 6  may gain im­
portance if e.g., experimental and theoretical spectra of 
hcp Co bulk single crystals2 6 , 3 4  and overlayers2 9 , 3 2  need 
to be compared. To a first approximation, the magne- 
tocrystalline anisotropy energy is given by the average 
energy difference between the BE positions of the bands 
in Fig. 2(c) and Fig. 2(d) with in-plane and out-of­
plane magnetization directions, respectively. The overall 
effect of the magnetic anisotropy on the bandstructure 
results in slight changes in the dispersion behaviour of 
some bands, additional BE shifts and most importantly, 
a considerable reduction of the spin-orbit splitting with 
an in-plane magnetization configuration. In this case, 
near the Fermi level and below 2  eV, most of the bands 
are degenerated while in the out-of-plane configuration, 
the spin-orbit splitting is ^0.1 eV in average, a value of 
the order of the experimental energy resolution. There­
fore, it should be emphasized tha t relatively narrower 
peaks would be expected in photoemission experiments 
with an in-plane configuration of the magnetization, such 
as in Co overlayers as opposed to hcp Co bulk single crys­
tals.

Let us now focus on the origin of the different transi­
tions appearing in the theoretical and experimental spec­
tra  of Fig. 2 and Fig. 3, from lower to higher binding 
energies. In Fig. 3, similar data to the ones presented 
in Fig. 2(a) and Fig. 2(b) are shown, but now at a few 
selected photon energies and spin resolved. Figures 3(a) 
and 3(b) show experimental SARPES spectra for p- and 
s-polarized photons, respectively, while Fig. 3(c) and Fig. 
3(d) show the corresponding LSDA+DM FT+lSM  calcu­
lations. All the peaks appearing near the Fermi level in 
the full photon energy range and for a BE lower than 
E b  ^0.5 eV, can be attributed to the two majority and 
minority spin components of a Tamm-like surface feature, 
in agreement with previous experimental observations . 3 1  

Closest to the Fermi level, the minority spin component 
of this state appears at E b ^0.05 eV, and it can be iden­
tified as a pure surface state of A g symmetry, since it lies 
within the gap appearing near the Fermi level and its 
intensity is nearly the same for both p- and s-polarized 
photons (see Fig. 3). Only near the first r  point and at 
x^0 .04 rA  (hv=26 eV), this peak is slightly influenced 
by the minority spin bulk-like band of Ag 7  symmetry 
crossing the Fermi level. Thus, only at this photon en­
ergy it acquires a slight bulk-like character and it can be 
identified as a surface resonance feature.

A similar argumentation can be used for the m ajor­
ity spin component of the abovementioned surface-like 
Tamm state, which can be identified as a surface res­
onance feature of Ag 7  symmetry (or equivalently, Ag 8  

symmetry in the next Brillouin zone), since it is located 
at the border of the gap and almost degenerated with 
the majority bulk bands appearing around the same BE. 
This state, which appears at E b ^0.4  eV, can be ob-

i------ 1------ t------ 1------ 1------ 1—  i------ 1-------1------ 1------ 1------ r
5 4 3 2 1 0 5 4 3 2 1 0

Binding Energy (eV)

FIG. 3: (color online). Spin-resolved spectra of hcp Co(0001) 
for different polarizations. (a), (b) Experim ent (upwards 
(black (dark)) triangles: m ajority spin states; downwards 
(red (light)) triangles: m inority spin states). (c), (d): 
LSDA +D M FT+1SM  theory (black (dark) and red (light) 
lines for m ajority and m inority spin electrons, respectively). 
(a),(c) for p- and (b), (d) for s-polarization. Additional up­
wards (black) [downwards (red)] triangles on top of the spec­
tra  indicate m ajority [minority] bulk states, while vertical 
black (red) bars m ajority (minority) spin surface-related fea­
tures. The curves are labeled by the photon energies (right) 
and the wavevectors (left) for bo th  the hcp (rA = 0 .77A - 1 ) 
and fcc (rL = 1 .54A - 1 ) lattices for comparison.

served as a non-dispersing feature in the full photon en­
ergy range (see Fig. 2(a), Fig. 2(b) and Fig. 3). How­
ever, when moving in the experiment from r  to A in a 
photon energy range between 26 and 38 eV (0.04< x < 
0.58) (Fig. 2(a)), its intensity is much weaker as com­
pared to the theoretical calculations (Fig. 2(b)). This 
can also be noticed in the results of Fig. 3 near the r  
point (x^0.08 rA , hv=26 eV) for both p and s polariza­
tions. In this case it can be observed as a majority spin 
shoulder close to the Fermi level, but in the theoretical 
spectra as a sharp peak. Since in the calculations its in­
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tensity does not seem to be strongly influenced by matrix­
element effects and in addition it exhibits a significantly 
narrower linewidth, we attribute these strong differences 
to a theoretical underestimation of the multiple scatter­
ing events occurring between the surface and the bulk 
electron wavefunctions. Moreover, the intensity of this 
peak is strongly enhanced at higher energies in the ex­
periment (see Fig. 2(a), Fig. 3(a) and Fig. 3(b)), partic­
ularly when moving from around the A point (x^0.98rA , 
hv=48 eV) to the second r  point (x ^0 .0 irA , hv=72 eV) 
and beyond. This increase in intensity can be attributed, 
on the one hand, to a slightly reduced surface sensitiv­
ity at higher photon energies, and on the other hand, to 
the contribution of the nearly-flat m ajority spin bulk-like 
band of A9 8  symmetry appearing around the same BE 
for photon energies hv >48 eV. Note once again, tha t due 
to the symmetry arguments mentioned above, for hv <48 
eV this bulk band has Ag 7  symmetry and is located at 
a BE of about 0.7 eV near the first r  point (hv=26 eV) 
(Fig. 3).

All the other bands th a t are left to describe are bulk­
like and appear at a BE higher than ^0 .5  eV for all 
the measured k points. Firstly, we observe a minority 
spin band of Ag 7  symmetry located in the experiment at 
E b ^0.8 eV in the first r  point (see Fig. 2(a), Fig. 3(a) 
and Fig. 3(b)). Through the polarization dependence 
of the experimental spin-resolved data of Fig. 3(a) and 
Fig. 3(b), it is possible to see tha t this band comprises 
several components which are all degenerated at the first 
r  point. These components slightly disperse when the 
photon energy is increased, giving rise to shoulders which 
can be detected through polarization-dependent analysis. 
Most prominently, at x= 0.67rA  (hv=40 eV) a minority 
spin shoulder at a BE of about 0.75 eV can be clearly 
distinguished in the lower BE energy side of the peak 
appearing at E b ^0.95 eV for p-polarization data (Fig. 
3(a)). Detailed analysis reveals tha t the BE position of 
this shoulder exactly coincides with the minority spin 
peak of Ag symmetry appearing in the corresponding 
spectrum for s-polarization (Fig. 3(b)). Further infor­
mation on the symmetry of these states can be obtained 
from a comparison to the spin-resolved theoretical spec­
tra  of Fig. 3(c) and Fig. 3(d). In particular, it can be 
demonstrated tha t the peak appearing at 0.95 eV must 
be assigned to a state of A g symmetry, and the shoulder 
to a state of A 7  9  symmetry. A similar effect occurs at 
higher photon energies in the next Brillouin zone e.g., at 
x=0.62rA  (hv=56 eV), where the peak at E b ~1.2 eV 
and the shoulder at E b ^0 .8  eV can be assigned to bands 
of A 8  and A 8  9  symmetries, respectively. In the next r  
point and at x=0.08rA  (hv=70 eV), the peaks show the 
same behaviour, with the difference tha t a weak shoul­
der appears at E b ~1.5 eV, exactly in the higher BE 
side of the bulk-like A g 9  state located at E b ^0 .8  eV. 
Only by means of a detailed comparison to the theoreti­
cal spectra of Fig. 3(b), we can attribute this feature to 
a A 8  9  surface resonance. The fact tha t it was not visible

at lower photon energies is possibly related to the dis­
persion of the bulk-like minority spin peaks we have just 
discussed. Besides, this may also be related to the very 
short lifetime of surface resonance features at higher BE 
caused by the strong increase of Im S DMf t  , which also 
leads to a very large broadening and makes it impossible 
to properly distinguish them in the experiment.

At last, we are only left with the m ajority spin bulk-like 
states at higher BE. These peaks are strongly broadened 
and more difficult to distinguish in the experiment, par­
ticularly in the spectra of Fig. 2(a) due to the scaling 
of the intensities. However, with the use of spin resolu­
tion (see Fig. 3(a) and Fig. 3(b)), it can be seen that 
they are mostly suppressed with s-polarization at bind­
ing energies around 2 eV. These states become clearly 
visible in a BE range from about 1.4 to 1.9 eV for p- 
polarization data in Fig. 3(a) at x= 0.67rA  (hv=40 eV) 
and x=0.62rA  (hv=56 eV), and for s-polarization data 
in Fig. 3(b) near the first r  point at x= 0.04rA  (hv=26 
eV). In the calculations (Fig. 3(c) and Fig. 3(d)), on 
the other hand, the BE of these states seems to be well 
reproduced, but they are more pronounced in intensity. 
From the polarization dependent analysis of the exper­
imental data and by comparison to the theoretical cal­
culations, the assignment of the symmetries in this case 
can be derived from selection rules in a straightforward 
manner. Near the first r  point (hv=26 eV), where all the 
states of this kind are degenerated, we can observe them 
with both polarizations, and thus the dominant symme­
try  should be Ag. At x=0.67rA  (hv=40 eV), however, 
the dominant symmetry should be A g, since the peaks 
are mostly suppressed with s-polarization. Moving into 
the next Brillouin zone, the same argument applies and 
therefore, the dominant symmetries are A g and A g 9  for 
x=0.62rA  (hv=56 eV) and 0.08rA (hv=70 eV), respec­
tively.

Let us now discuss the quality of the agreement be­
tween the theoretical and experimental spectra shown in 
Fig. 2 and Fig. 3. The first observation is tha t we find 
rather good agreement for most of the BE positions of 
the peaks appearing in the spectra. The second observa­
tion, concerning the linewidths, is tha t the larger broad­
ening of the experimental peaks indicates tha t the theory 
underestimates the scattering rates, similar to what has 
been found in Fe . 2 5  The third observation, in contrast 
to recent experimental conclusions34, is th a t no quasi­
particle bands derived from 3d states appear at binding 
energies higher than ^ 2  eV. At around 2 eV, this effect 
is even more pronounced in the experiment than in the 
theory due to the increased linewidth broadening men­
tioned above. This finding is in agreement with previous 
experimental and theoretical analysis in the framework 
of the 3BS theory32, in which the quenching of the m ajor­
ity spin channel quasiparticle excitations was identified 
as the main mechanism for this intriguing effect. Our 
results corroborate this conclusion in view of the spin- 
resolved experimental and theoretical spectra presented 
in Fig. 3. Only peaks with strong sp character are ob­
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served at higher BE energies than 2 eV, such as the mi­
nority spin sp-band of Ag symmetry appearing at x^0.08 
rA  (hv=70eV) for p-polarization in Fig. 3(a) and in Fig. 
3(c) at a BE of about 4.3 eV.

C. M an y-b od y  a sp ec ts  o f  th e  b an d stru ctu re

Comparing the experimental results from spin- 
integrated and spin-resolved ARPES measurements with 
LSD A+D M FT+ 1 SM results, good agreement is obtained 
for most of the peak positions. This is also shown in Fig. 
4, where the BE positions of the different experimental 
peaks we have just described are compared to the calcu­
lated bulk-like spin-dependent spectral functions A(k,E) 
obtained in the framework of the LDSA+DMFT (Fig. 
4(a) and Fig. 4(b)), LSDA+3BS (Fig. 4(c) and Fig. 
4(d)) and LSDA (Fig. 4(e) and Fig. 4(f)) schemes. 
M ajority spin states are shown in Fig. 4(a), Fig. 4(c) 
and Fig. 4(e) and minority spin states in Fig. 4(b), 
Fig. 4(d) and Fig. 4(f). The symmetry labels of the 
states are also given. In these calculations, the experi­
mental energy resolution is considered by a broadening of

FIG. 4: (color online). Quasiparticle spectral functions 
of hcp Co and the photoemission peak positions obtained 
from the spin-resolved m easurem ents of Fig. 3 for differ­
ent polarizations (O for p- and O for s- polarization). The 
results are obtained by the LSDA+DM FT ((a),(b)), the 
LSDA+3BS ((c),(d)) and the LSDA ((e),(f)) m ethods for m a­
jority ((a),(c),(e)) and m inority spin ((b),(d),(f)) electronic 
states, respectively. The symmetries of the different states 
are indicated.

^100 meV. In a first approximation, Figs. 4(a)-4(d) give 
a comparison between the spin-dependent experimental 
ReE and theoretical ReEDMFT and ReE3BS. However, 
it should be noted tha t the spectral functions A(k,E) 
contain more bands than the ones observed in the ex­
periment, since Brillouin zone selection effects are not 
considered in this case. This means tha t in these cal­
culations matrix-element effects, surface effects, and the 
actual steps of the photoemission process (i.e., propaga­
tion of the photoelectron to the crystal surface and its es­
cape into the vacuum) are not included. The experimen­
tal peak positions were extracted from the experimental 
SARPES data of Fig. 3(a) and Fig. 3(b) by means of a 
fitting procedure which will be described in more detail 
below. Before proceeding, it should be noted tha t from 
Figs. 4(a)-4(d), it is clear tha t the theoretical results de­
rived from both LSDA+DMFT and LSDA+3BS methods 
are well in agreement with each other for identical values 
of U and J.

Let us focus first on majority spin states. From a first 
examination across the complete Brillouin zone, one can 
conclude tha t the LSDA+DMFT and LSDA+3BS spec­
tral functions reproduce the experimental data better 
than standard LSDA calculations. This is most apparent 
at lower BE and for states near the A point, where the 
LSDA bands are shifted to higher BE as compared to 
the experimental points assigned to majority spin states 
of Ag 8  symmetry, as described above. Thus, in order to 
find best agreement with the experiment, we would need 
to shift by about 0.5 eV the corresponding majority spin 
LSDA bands towards lower BE. Moreover, note the re­
markable intensity of the LSDA majority spin bands ap­
pearing in a BE range from 2.5 to 3 eV in the whole Bril­
louin zone. As discussed before, these bands are strongly 
broadened in the experiment and appear at BE energies 
of around 1.7-1.9 eV. From the polarization-dependent 
analysis carried out before, we also know tha t at the 
different k-points of the bandstructure, the symmetries 
of these states [A9  (A 8  , 9) and A 7 (A8)] coincide with the 
symmetries of the LSDA bands appearing at E b > 2  eV, 
which are not forbidden by selection rules. This means 
tha t in Fig. 4(e), the agreement between the peak posi­
tions from the experimental peaks around 1.9 eV with the 
LSDA bands of Ag 7  appearing at binding energies below
2 eV is just accidental, since this agreement does not 
hold based on simple symmetry arguments. Therefore, 
also in this case a shift of these states by about 0.7-1 eV 
becomes necessary to properly explain the bandwidth re­
duction observed in the experiment. These two facts are 
already an indication tha t a narrowing of the 3d bands 
due to correlation effects becomes necessary to properly 
describe the experimental data. This is clearly demon­
strated in Fig. 4(a) and Fig. 4(c), where a relatively 
good agreement is obtained for the BE positions of the 
experimental majority spin peaks for both p and s po­
larizations. In this case, a reduction of the bandwidth of 
majority spin states by ^37% is necessary, in agreement 
with the results presented in Fig. 2(c) and Fig. 2(d).



Regarding the minority spin states, it is clear tha t cor­
relation effects are weaker than for majority spin. Note 
th a t close to the A point, the Ag minority spin compo­
nent of the surface-like Tamm state discussed above is 
also visible. This state is not reproduced in the spectral 
function calculations because, as already explained, sur­
face effects are not included in these calculations. In fact, 
the different minority spin bands in the LSDA+DMFT 
(Fig. 4(b)) and LSDA+3BS (Fig. 4(d)) calculations 
shift by about 0.1 eV respect to the LSDA ones (Fig. 
4(e)). This means tha t the BE positions of the differ­
ent bands in the three different theoretical approaches 
show relatively good agreement with the experimental 
data. This is something expected a priori, since from the 
theory we know tha t correlation effects should be more 
pronounced for majority spin electrons than for minority 
spin ones, which is a common feature for 3d transition 
metals. This can be easily explained by considering the 
creation of electron-hole pairs in the minority spin chan­
nel: since there are less minority spin electrons and thus 
more empty states of this kind, for any processes involv­
ing electron-hole pair creation, the pair is more likely 
to appear in the minority spin bands. This means that 
any scattering process involving majority spin electrons 
mostly leads to the creation of minority spin electron- 
hole pairs, with an effective interaction in the complete 
process proportional to U. On the other hand, scattering 
processes involving minority spin electrons also lead to 
the creation of minority spin electron-hole pairs, but the 
effective interaction for parallel-spin pairs is proportional 
to U-J<U. Therefore, correlation effects are stronger for 
m ajority spin electrons and no big differences are ob­
served between the results presented in Fig. 4(b), Fig. 
4(d) and Fig. 4(f).

The next point tha t we should discuss is the 
agreement between the experimental and theoretical 
LSD A+D M FT+ 1 SM spectra as a function of the on-site 
Coulomb interaction U. As already mentioned, the best 
agreement between theory and experiment was found 
for U=2.5 eV and J=0.9 eV. The value of J adopted 
here can be considered a good general assumption for 
all 3d elements, since J is only a weakly screened pa­
rameter. This means tha t no differences are observed in 
the LSDA +D M FT+ 1 SM spectra for different J values. 
Therefore, the only parameter directly linked to the ef­
fect of electronic correlations which might lead to changes 
in the calculated spectra is U and we will proceed with 
discussing how sensitive the theory is to this parameter 
in view of the experimental results.

In Fig. 5, we compare the spin-integrated exper­
imental spectra measured for p-polarization at the r  
point (x= 0 .0 irA , hv=72 eV) [Fig. 5(a)] and near the 
A point (x=0.96rA , hv=48 eV) [Fig. 5(c)] to the 
LSD A+D M FT+ 1 SM and LSDA calculations broadened 
by the experimental energy resolution. In this case, the 
LSDA calculations also include surface effects for a bet­
ter comparison. Among the two spectra available in the 
data near the r  point, the spectrum at hv=72 eV has
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r  point (hv=72 eV) A point (hv=48 eV)

Binding energy (eV)

FIG. 5: (color online). Comparison between experim ental 
and theoretical spectra at the r  [(a) and (b), hv=72 eV] 
and A [(c) and (d), hv=48 eV] points for p-polarization. (a) 
Spin-integrated experim ental spectra [thick (black) symbols], 
single-particle LSDA-based calculation including surface ef­
fects [thick dotted  (green) line] and LSDA+DM FT+1SM  
spectra [thick solid (green) line]. (b) Spin-dependent 
LSDA +D M FT+1SM  calculations for different U values. 
Black (dark) [red (light)] color denote m ajority [minority] spin 
and green (lighter) color the corresponding spin-integrated 
spectrum . Thin dotted, dashed, thick and th in  solid lines for 
U=1.5, 2, 2.5 and 3 eV, respectively. In (c) and (d), analogous 
d a ta  as in (a) and (b). Symmetry labels in the two consecu­
tive Brillouin zones of the hcp lattice are also indicated.

been selected as a suitable choice because of the better 
agreement at higher photon energies between the exper­
imental and theoretical intensities of the majority spin 
Ag 9  surface resonance located near the Fermi level. The 
spin character and symmetry of the different experimen­
tal states are also given. In Fig. 5(b) and Fig. 5(d), 
spin-dependent LSDA +D M FT+ 1 SM calculations for U 
ranging from 1.5 to 3 eV are also shown.

In general, the Co LSD A +D M FT+ 1 SM calculations 
lead to an im portant improvement as compared to the 
LSDA calculations. In both Fig. 5(a) and Fig. 5(c), 
the BE positions of the theoretical peaks agree well 
with the experimental ones if correlation effects are in­
cluded. Regarding majority spin states, in Fig. 5(a) a 
good agreement is achieved for the BE position of the 
Ag 9  surface resonance near the Fermi level for both the 
LSDA +D M FT+ 1 SM and LSDA calculations. The bulk 
component of this peak, which appears at E B ^0.78 
eV in the LSDA calculations, is shifted due to corre­
lation effects in the LSDA +D M FT+ 1 SM calculation to 
E B ^0.47 eV (see Fig. 5(b), U=2.5 eV). In the experi­
ment these peaks are almost degenerated at tha t BE due 
to the experimental energy resolution. A similar situa­
tion can be found in Fig. 5(c), where good agreement
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is obtained in the BE position of the A g 7  m ajority spin 
component of the Tamm-like surface state.

Let us focus now on the most prominent bulk-like mi­
nority spin peaks appearing in the theoretical and exper­
imental spectra. The Ag 9  minority spin bulk-like state, 
which in the LSDA calculation is located at a E B ^0.8 
eV, is shifted to E B ^0.66 eV in the experiment (Fig. 
5(a)) and to E B ^0.57 eV in the LSDA+DMFT+1SM 
calculation (Fig. 5(b)) due to correlation effects. The 
A g 9  minority spin bulk-like state, on the other hand, is 
shifted to E b ^0.79 eV in the experiment (Fig. 5(c)) 
and to E b ^0.63 eV in the LSDA+DMFT+1SM  cal­
culation (Fig. 5(d)) with respect to the LSDA value of 
E b ^0.96 eV. At last, the A g peak is shifted to E B ~1.20 
eV in the experiment (Fig. 5(c)) and to E B ~1.22 
eV in the LSDA+DMFT+1SM  calculation (Fig. 5(d)) 
compared to E B ~1.38 eV in the LSDA calculation. 
This picture is consistent with an averaged experimen­
tal mass enhancement m * / m 0 «1.26, which should be 
compared to the theoretical value of m*/ m 0 «1.29 for 
U=2.5 eV. A similar analysis can be carried out for the 
LSDA+DMFT+1SM  spectra shown in Fig. 5(b) and Fig. 
5(d) for U values around 2.5 eV. In particular, we obtain 
m */m 0  «1.22 for U=2 eV in average, and m * / m 0 «1.55 
for U=3 eV. Although the deviations between the experi­
mental and theoretical mass enhancement factors for dif­
ferent U values are not large, from this evaluation U=2.5 
eV is closest to the experiment. However, a precise de­
termination of U requires a more sophisticated approach 
based on a full analysis of this type in the whole Brillouin 
zone. This was done in order to decide the best choice of 
U in the present calculations: the complete set of exper­
imental and LSDA+DMFT+1SM  spectra were directly 
compared in terms of BE position, intensity and width 
of the peaks over the whole Brillouin zone for different 
values of U, and better overall agreement was found for 
U=2.5 eV. Another criterion which was also combined 
to the one just mentioned is related to the spin char­
acter of the different bands. An example showing this 
can be noticed in e.g., Fig. 5(a) and Fig. 5(b), where 
the LSDA+DMFT+1SM  spin-resolved spectra for U=2 
eV exhibit a m ajority spin peak at E B ^0.6 eV which 
in turn, is at the same BE as the experimental minority 
spin peak of A g 9  symmetry.

Furthermore, it can be seen in Fig. 5(b) and Fig. 5(d) 
tha t increasing the value of U does not shift the peaks sig­
nificantly towards the Fermi level. This can be attributed 
to the following reasons: (i) Most of the intensity in the 
spectra for BE<0.5 eV is due to surface-related features, 
which are not strongly sensitive to changes in the U pa­
rameter, (ii) the shift of pure bulk-like states only occurs 
in a narrow energy interval from 0.5 to 1.8 eV, other­
wise their sensitivity to U is reduced through coupling 
to surface-related states near the border of the gap, (iii) 
there are no strong changes in E DMFT in the region very 
close to the Fermi level. Because of these reasons, in Co 
the peaks exhibit smaller shifts with increasing U than

in, e.g. Fe, because they are closer to the Fermi level, 
and most of the bulk bands are located in a narrow en­
ergy interval. Besides, the coupling between surface and 
bulk states also plays a role, since in Co there is a gap 
around the r  point. This is also related to the fact that 
due to the hexagonal structure the bands are relatively 
flat, leading to real surface states which are less sensitive 
to changes in U and a weak bulk-surface coupling.

D . S p in -d ep en d en t q u asip artic le  life tim es

The last issue to be discussed is the quality of the 
agreement between the experimental and theoretical 
linewidths of the Co photoemission peaks. As it was 
pointed out above, it is clear tha t the Co calculations 
presented here underestimate the scattering rates, simi­
lar to what we found in Fe . 2 5  In Fig. 5, it can also be 
noticed th a t the width of the peaks does not increase with 
U. In the narrow BE range we are focusing on, increasing 
U shifts the peaks to lower BE and also leads to nearly- 
constant values of the energy-dependent Im E DMFT. Be­
sides, since the effect of U on the peak positions is rel­
atively small, a change in the linewidth can hardly be 
appreciated. This holds for both bulk-like and surface- 
related features.

We emphasize tha t the additional experimental broad­
ening cannot be caused by final state effects57, since (i) 
their contribution to the linewidth of surface states can 
be neglected because no dispersion normal to the sur­
face exists in this case, (ii) they can be neglected when 
compared to the experimental resolution near the criti­
cal points (e.g. at the r  and A points in Fig. 5), (iii) 
they are completely considered in the 1SM calculations, 
(iv) they are expected to be small for Co(0001) because 
due to the hexagonal structure the bands do not show 
strong initial state dispersion. Because of these reasons, 
we exclude final state effects as possible mechanism for 
the extra broadening observed in the experiment.

Nevertheless, in the following we would like to obtain 
more quantitative information on the discrepancy be­
tween experiment and theory we have observed concern­
ing the linewidths. As mentioned before, a fitting proce­
dure was used to extract the experimental peak positions 
from SARPES experiments shown in Fig. 3(a) and Fig. 
3(b). This evaluation is also useful for an estimation by 
how much the theoretical linewidths are underestimated 
compared to the experimental results. The use of spin­
resolution is remarkably im portant in this case because 
from the spin-dependent behaviour of the self-energy in 
the theoretical calculations one would expect the exper­
imental linewidths of initial states to be spin-dependent 
as well.

The experimental spin-resolved spectra were fitted at 
various k values by a sum of Lorentzians plus a back­
ground. The fitting procedure works as follows: for a 
particular k-point, a SARPES spectrum containing N 
peaks is fitted by a function involving a convolution of
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the  form:

4 ’1  (E) =
N

=  f  ( E , T ) • M  • A k i (E i,w i) +  B k (E )  j  <g> G (h v )

^  (2 )

where f  ( E , T ) is the Fermi function and E*, w* and 
the m atrix-elem ents M* are fitting param eters corre­
sponding to  the  BE, w idth and in tensity  of the  quasi­
particle peaks for different polarizations, respectively. 
The spectral function A k j(E j ,wj ) is approxim ated by 
Lorentzian functions and B k(E ) assum ed to  be a Shirley- 
like background58. Here the subindex k denotes the 
points. The full w idth a t half m axim um  (FW HM ) of the 
G aussian slit function G (h v )  corresponds to  the to ta l en­
ergy resolution A E tot of the  experim ent, which is photon 
energy-dependent, i.e.:

A  E tot =  \ ]  ( A E a )2 +  (A  E h v f (3)

where A E a and A E hv are the  energy resolutions of the 
electron energy analyzer and beam line m onochrom ator, 
respectively. The Shirley-like background B k(E ), which 
accounts for the effect of the  inelastic scattering  of elec­
trons, is calculated as:

B k (E ) =  C  ' ^ J E d E  • ^ M 2 • A fci( E i , ^ ) j  (4)

where C  is a fitting constant and the in tegration  is done 
over the com plete spectrum  w ith E  as a running param ­
eter over the kinetic energy axis.

Figure 6 shows few selected results of the fits obtained 
by th is procedure for p (Fig. 6 (a) and Fig. 6 (b)) and 
s (Fig. 6 (c) and Fig. 6 (d)) polarized photons, and for 
bo th  m ajority  (Fig. 6 (a) and Fig. 6 (c)) and m inority 
(Fig. 6 (b) and Fig. 6 (d)) spin states. We should keep in 
m ind th a t such an evaluation is problem atic due to  the 
strong energy-dependent behaviour of Im E  which leads 
to  the  form ation of asym m etric Lorentzians. The appear­
ance of such an asym m etry can be associated w ith the 
dam ping of quasiparticle excitations and the correspond­
ing increase of the  incoherent p a rt of spectral function 
w ith increasing BE. However, a t energies close enough 
to  the  Fermi level, we would expect th is asym m etry  to  
be strongly reduced since m ost of the peaks are due to  
coherent excitations which correspond to  quasiparticles 
w ith well-defined energy and m om entum .

For the fitting procedure we have adopted an experi­
m ental approach: alm ost degenerated bands which can­
not be resolved due to  the  experim ental energy resolu­
tion are fitted  w ith a single peak. An exception to  this 
point occurs when some bands can be suppressed due 
to  m atrix  elements effects. In this context, polarization- 
dependent m easurem ents are suited to  accurately  obtain 
the linew idth of specific bands th a t are nearly degener­
ated  and cannot be resolved independently  under cer­
ta in  light polarization  conditions. This is the case of

FIG. 6: (color online). F its to  spin-resolved valence band 
spectra at x= 0 .62rA  (hv=56 eV) of the hcp Co(0001) bulk 
Brillouin zone. (a), (b) for p- and (c), (d) for s-polarization. 
Black (dark) [red (light)] lines are the results of the fits to  m a­
jority [minority] spin spectra, which are indicated by upwards 
[downwards] triangles and arrows, respectively. Thin lines 
correspond to  the different Lorentzian functions and back­
grounds used in the fits. Thick lines indicate the final fit of 
each spectrum  obtained by using Eq. (2). Symmetry labels, 
surface resonance (SR) and surface sta te  (SS) features are 
indicated.

e.g., the  m ajority  spin sta tes of A g 9 sym m etry  located 
a t E b  ~1 .4  eV for p-polarization d a ta  (Fig. 6 (a)), which 
form a shoulder in the corresponding s-polarization spec­
tra  around the same BE (Fig. 6 (b)). The same holds 
for the  A g 9 m inority spin sta tes located a t E b ^ 0 .7  eV 
for s-polarization d a ta  (Fig. 6 (d)), which in tu rn  form 
a shoulder in the  corresponding p-polarization spectra 
(Fig. 6 (b)). This allows us to  fix the w idth and BE po­
sitions obtained from the fits of individual bands for a 
given polarization  in order to  fit the  shoulders of almost 
degenerated bands which are observed w ith the opposite 
polarization.

Concerning the linewidths, the  result of this analysis 
is presented in Fig. 7, where we have ex tracted  the spin­
dependent experim ental Im £ exp of Co as a function of 
BE and k and com pared it to  the  theoretical one. The 
results for m ajo rity  (m inority) spin electrons are shown 
in Fig. 7(a) (Fig. 7(b)), together w ith the correspond­
ing LSD A +D M FT (U =2.5 and 3 eV) and LSDA+3BS 
calculations (U =2.5 eV). It is clear th a t no quantita tive 
agreem ent between the theoretical calculations and the 
experim ental d a ta  is observed. The experim ental d a ta  
points have been corrected by all the  non-electronic con­
tribu tions to  the broadening w ith the exception of im­
purity  scattering  (Im S imp =  r imp/2 , where r= F W H M ) 
since it can only be determ ined once all the o ther contri-
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FIG. 7: (color online). Comparison between the experimental 
(symbols) and theoretical (lines) imaginary part of the self­
energy of hcp Co(0001) for (a) m ajority (black (dark) color) 
and (b) minority (red (light) color) spin electrons. The exper­
imental d a ta  points only contain the electronic and im purity 
scattering contributions to  the linewidth. On the right hand 
side, labels to  identify the different k-points are also given for 
bo th  hcp and fcc lattices. Full and open symbols are for p­
and s-polarization, respectively. The theoretical calculations 
correspond to  Im S^M f t  for U=2.5 eV (thick do tted  lines) 
and U =3 eV (thin do tted  lines) and to  Im E 3s s  for U=2.5 eV 
(solid lines).

butions have been corrected for.
The theoretical calculations, on the o ther hand, only 

contain the electronic contribution. Since the broaden­
ing due to  energy resolution is already included in the 
fitting procedure, the o ther experim ental corrections are 
due to  electron-phonon broadening ( r e-ph) and final- 
s ta te  broadening ( r f ), where r= 2 Im E  is the scattering  
rate. In  general, all these contributions add linearly and 
give a to ta l scattering ra te  r t such th a t

r t =  r e—e +  r  e -p h  +  r  imp +  r f  (5)

where r e-e indicates the contribution  to  the  linew idth 
due to electron-electron scattering. In the  Debye model 
and for the  high tem pera tu re  limit 53,59, the electron- 
phonon broadening depends linearly on the tem pera tu re  
T  as:

Te_ph =  2 I m E e - p h  =  2 n \ k s  T  (6)

where kB and A are the Boltzm ann and electron- 
phonon coupling constants, respectively. Eq. (6 ) holds 
for tem peratures T  >  TDebye/3  (here T =300 K and 
TDebye (Co)=385 K). From  resistivity m easurem ents60 we 
obtain  for Co A «  0.3 and as a result Im E e-ph «  25 meV.

The final s ta te  broadening was determ ined by unfold­
ing the bands around the A point and calculating the 
experim ental electron initial and final s ta te  velocities as­
suming a free electron parabola  as final state. Firstly, the 
initial s ta te  velocities were calculated from the derivative 
of the E ( k ^ ) experim ental dispersions of the different 
m ajority  and m inority spin bands. Secondly, the  inelas­
tic m ean free p a th  values were taken from the semiem- 
pirical estim ation given by P enn61 and available refer­
ence d a ta .62 In general, due to the relatively flat dis­
persions of the d bands, a m axim um  ratio  between the 
initial and final s ta te  group velocities lvi± / v f ± | «  0.04 
was obtained, equivalent to  a m axim um  contribution to 
Im E exp of about 40 meV. This indicates th a t final-state 
effects are not the m ain broadening mechanism, as m en­
tioned above. Finally, the electron-im purity  scattering, 
an energy and tem perature-independent quantity, can be 
directly estim ated as an average for bo th  spin channels. 
It corresponds to the value of Im E exp exactly a t the 
Fermi level position, and by extrapolation  it am ounts to 
Im E imp ^ 5 0  meV.

A lthough no quan tita tive agreem ent between the ex­
perim ental and theoretical Im E is obtained for Co, bo th  
spin channels are qualitatively reproduced in the theo­
retical results. Interestingly, the  experim ental d a ta  sup­
port the  existence of a pronounced spin-dependent effect 
in the quasiparticle lifetimes in agreem ent w ith previous 
observations .32 However, th is is the first tim e th a t the  use 
of spin resolution has been exploited to dem onstrate such 
a notorious effect. In the  experim ental results, we obtain  
to  a first approxim ation a k-independent Im E Exp which 
exhibits an  alm ost linear energy-dependent behaviour ap­
proxim ated as Im E E xp ^  0.84E and Im E E xp ^  0.16E 
for m ajority  and m inority spin electrons, respectively. 
Furtherm ore, the relative overall agreem ent between the 
experim ent and the theoretical results indicates th a t in 
the case of Co, the role of non-local correlations is not 
as im portan t as for Fe .25 This could be a ttrib u ted  to a 
reduction of the non-locality of correlation effects w ith 
increasing atom ic num ber.

R egarding the theoretical calculations of Im E D M f t  in 
Fig. 7, it can be seen th a t increasing U does not strongly 
affect the global behaviour of the  calculated curves. Note 
th a t this is som ething expected following our previous 
discussion concerning the shifting of the peaks w ith in­
creasing U, which was also not very pronounced. In this 
respect, it should be em phasized th a t our results do not 
imply a violation of the  K ram ers-K ronig consistency5,13 
which holds between the real and im aginary parts  of the 
self-energy, neither in the experim ent nor in the theo­
retical calculations. This is because the K ram ers-K ronig 
consistency results from a global transform ation  over an 
extrem ely large BE range, which runs up to infinity. This 
m eans th a t in the narrow  BE energy interval studied 
here, the  deviations between the experim ental and theo­
retical self-energies m ay become substan tia l w ithout any 
noticeable effect in the global behaviour of the K ram ers- 
K ronig transform ation. To check this more in detail ex­
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perimentally, time-consuming measurements over an ex­
tremely wide BE range would be necessary. In Fig. 7, 
the deviations between experimental and theoretical data 
seem to be equally pronounced for both m ajority and mi­
nority spin electrons, with the exception of the minority 
spin ImEDMFT for U =3 eV, which seems to agree better 
if the electron-impurity scattering contribution is sub­
tracted from the experimental curve. Nevertheless the 
overall agreement shows tha t the experimental ImE is 
roughly a factor of 2 too large in average when compared 
to the calculations. In the LSDA+DMFT calculations, 
this discrepancy is more pronounced in the m ajority spin 
channel at higher binding energies than at lower ones. 
Note tha t both the Im EDMFT and Im E3BS agree well 
for the same U values, with the exception tha t at higher 
binding energies they start to deviate from each other. 
We attribute this difference to the fact tha t LSDA+3BS 
calculations explicitly include electron-hole pair excita­
tions which increase ImE. The extent of the present 
agreement contrasts a very recent non spin-resolved anal­
ysis from Moulazzi et al.34, in which excellent agreement 
between experiment and previously reported results of 
Im E DMFT35 is achieved for both spin channels, most 
probably due to an arbitrary linewidth assignment of 
nearly-overlapping spin contributions.

V . C O N C L U S IO N

In summary, we have shown a detailed comparison be­
tween spin and angle-resolved photoemission experiments 
and state-of-the-art theoretical calculations of ferromag­
netic hcp Co(0001). We have analyzed in detail the agree­
ment between theoretical many-body 3BS and DMFT 
based calculations and experimental spin-resolved pho­
toemission spectra. The theoretical methods lead to 
an im portant improvement compared to LSDA calcula­
tions by including, in an unified picture, many-body cor­
rections with multiple-scattering, matrix-elements and 
surface-related effects. However, we have demonstrated
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tha t these theories, at least in the current implemen­
tation, do not find exact quantitative agreement with 
the experiment, in particular concerning the scattering 
rates. Although further theoretical work is needed to 
determine the origin of these differences, a possible ex­
planation could be related to the existence of non-local 
correlation effects. Such non-locality is caused by long- 
range electron-electron interactions, which are excluded 
from the Hubbard model. These non-local correlation 
effects would contribute with an additional k-dependent 
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free extended DM FT+GW  scheme64, in which both the 
on-site and off-site correlations are included.

V I. A C K N O W L E D G E M E N T S

Financial support by the Deutsche Forschungsgemein­
schaft through FOR 1346 and MI-1327/1 is gratefully 
acknowledged.

8 F. J. Himpsel, Adv. Phys. 32, 1 (1983).
9 R. Feder, Polarized, Electrons in  Surface Physics, (World 

Scientific: Singapore, 1985).
10 L. C. Davis, J. Appl. Phys. 59, R  25 (1986).
11 S. D. Kevan, Angle Resolved Photoemission, Theory and 

Current Applications, (Elsevier, Am sterdam , 1992).
12 M. Donath, Surf. Sci. Rep. 20, 251 (1994).
13 S. Huüfner, Photoelectron Spectroscopy: Principles and ap­

plications, (Springer, Berlin, 1995).
14 O. Rader and W. G udat, Landolt-Bürnstein, New Series, 

Group III Vol 23C2, Ed. by A. Goldmann, (Springer, 
Berlin, 1999)

15 P. D. Johnson and G. Guüntherodt, Spin-polarized Photo­
electron Spectroscopy as a Probe of M agnetic Systems, in 
Handbook o f M agnetism and Advanced Magnetic M ateri­
als, Ed. by H. Kronmuüller and S. Parkin, (John Wiley and



13

Sons, 2007).
16 J. P. Perdew and Y. Wang, Phys. Rev. B 33, 8800 (1986).
17 W. E berhard t and E. W. Plum m er, Phys. Rev. B 21, 3245 

(1980).
18 F. J. Himpsel, J. A. K napp and D. E. Eastm an, Phys. Rev. 

B 19, 2919 (1979).
19 M. M. Steiner, R. C. Albers and L. J. Sham, Phys. Rev. B 

45, 13272 (1992).
20 J. Braun, J. Minar, H. Ebert, M. I. Katsnelson and A. I. 

Lichtenstein, Phys. Rev. Letters 97, 227601 (2006).
21 J. Minar, H. Ebert, C. DeNadai, N. B. Brookes, F. Ven­

turini, G. Ghiringhelli, L. Chioncel, M. I. Katsnelson and
A. I. Lichtenstein, Phys. Rev. Letters 95, 166401 (2005).

22 U. Alkemper, C. Carbone, E. Vescovo, W. E berhard t, O. 
Rader and W. G udat, Phys. Rev. B 50, 17496 (1994).

23 A. Santoni and F. J. Himpsel, Phys. Rev. B 43, 1305 
(1991).

24 M. I. Katsnelson and A. I. Lichtenstein, J. Phys.: Condens. 
M atter. 11, 1037 (1999).

25 J. Saanchez-Barriga, J. Fink, V. Boni, I. Di Marco, J. 
Braun, J. Minaar, A. Varykhalov, O. Rader, V. Bellini, F. 
Manghi, H. Ebert, M. I. Katsnelson, A. I. Lichtenstein, O. 
Eriksson, W. E berhard t and H. A. Duürr and , Phys. Rev. 
Lett. 103, 267203 (2009).

26 F. J. Himpsel and D. E. Eastm an, Phys. Rev. B 21, 3207 
(1980).

27 D. E. Eastm an, F. J. Himpsel and J. A. K napp, Phys. Rev. 
Lett. 44, 95 (1980).

28 J. Osterwalder, J. Elec. Spec. Rel. Phenom. 117, 71 (2001).
29 M. Getzlaff, J. Bansmann, J. B raun and G. Schünhense, 

J. Magn. Magn. M ater. 161, 70 (1996).
30 C. M ath, J. B raun and M. D onath, Surf. Sci. 482, 556 

(2001).
31 F. J. Himpsel and D. E. Eastm an, Phys. Rev. B 20, 3217 

(1979).
32 S. M onastra, F. Manghi, C. A. Rozzi, C. Arcangeli, E. 

Wetli, H.-J. Neff, T. Greber and J. Osterwalder, Phys. 
Rev. Lett. 88, 236402 (2002).

33 C. Calandra and F. Manghi, Phys. Rev. B 50, 2061 (1994).
34 M. Mulazzi, J. Miyawaki, A. Chainani, Y. Takata, M. 

Taguchi, M. Oura, Y. Senba, H. Ohashi and S. Shin, Phys. 
Rev. B 80, 241106 (2009).

35 A. Grechnev, I. Di Marco, M. I. Katsnelson, A. I. Lichten­
stein, J. Wills and O. Eriksson, Phys. Rev. B 76, 035107 
(2007).

36 H. Fritzsche, J. Kohlhepp and U. Gradm ann, J. Magn. 
Magn. M ater. 148, 154 (1995).

37 G. C. B urnett, T. J. Monroe, F. N. Dunning, Rev. Sci. 
Instrum . 65, 1893 (1994).

38 A. Ram pe, D. H artm ann and G. G üntherodt, Linear 
magnetic dichroism in angle-resolved photoemission spec­
troscopy from Co(0001) and Fe(110) valence bands, in Spin  
Orbit-Influenced Spectroscopies of Magnetic Solids, Ed. by 
W. Beiglbück, (Springer, Berlin, 1996).

39 A. Bettac, J. Bansm ann, V. Senz and K. H. Meiwes-Broer, 
Surf. Sci. 454, 936 (2000).

40 J. B. Pendry, Surf. Sci. 57, 679 (1976).

41 G. Borstel, Appl. Phys. A 38, 193 (1985).
42 C. Caroli, D. Lederer-Rozenblatt, B. Roulet, and D. Saint- 

James, Phys. Rev. B 8, 4552 (1973).
43 J. Korringa, Physica 6 /7 ,  392 (1947); W. Kohn and N. Ro­

stocker, Phys. Rev. 94, 1111 (1954); K. Kambe, Z. N atur- 
forschg. 22a, 322 (1967); A. R. Williams and J. van Mor­
gan, J. Phys. C 7, 37 (1974); R. G. Brown and M. Cif- 
tan , Phys. Rev. B 27, 4564 (1983); X.-G. Zhang, A. Go- 
nis, and J. M. MacLaren, Phys. Rev. B 40, 3694 (1989); 
W. H. Butler and R. K. Nesbet, Phys. Rev. B 42, 1518 
(1990); H. E bert and B. L. Gyorffy, J. Phys. F 18, 451 
(1988); S. C. Lovatt, B. L. Gyorffy, and G. Y. Guo, J. 
Phys. Condens. M atter 5, 8005 (1993). R. Feder, J. Phys. 
C 14, 2049 (1981).

44 J. Braun, Rep. Prog. Phys. 59, 1267 (1996).
45 J. Braun, New developments in UPS and XPS from fer­

romagnetic m aterials, in Band-Ferromagnetism: Ground- 
State and Finite-Temperature Phenomena, ed. by K. 
Baberschke, M. D onath and W. Nolting (Springer, Berlin, 
2001), p. 267.

46 J. B. Pendry, Low Energy Electron Diffraction,(Academic, 
London, 1974).

47 G. Hilgers, M. Potthoff, N. Muller, U. Heinzmann, 
L. H aunert, J. Braun, and G. Borstel, Phys. Rev. B 52, 
14859 (1995).

48 J. Minar, et al. Phys. Rev. B 72, 045125 (2005).
49 G. K otliar and D. Vollhardt, Phys. Today 57, No. 3, 53 

(2004); A. Georges et. al, Rev. Mod. Phys. 68, 13 (1996).
50 M. I. Katsnelson and A. I. Lichtenstein, European Physics 

Journal B, 30, 9, (2002).
51 L. V. Pourovskii, M. I. Katsnelson and A. I. Lichtenstein, 

Phys. Rev. B 72, 115106 2005.
52 R. L. Benbow, Phys. Rev. B 22, 3775 (1980).
53 N. W. Ashcroft and N. D. Mermin, Solid State Physics, 

(Saunders College, Philadelphia, 1976).
54 E. L. Shirley, L. J. Terminello, A. Santoni and F. J. 

Himpsel, Phys. Rev. B 51, 13614 (1995).
55 B. Ackermann, R. Feder, and E. Tam ura, J. Phys. F.: Met. 

Phys. 14, L173 (1984).
56 J. B raun and M. D onath, J. Phys.: Condens. M atter 16, 

S2539 (2004).
57 N. V. Smith, P. Thiry and Y. Petroff, Phys. Rev. B 47, 

15476 (1993).
58 D. A. Shirley, Phys. Rev. B 5, 4709 (1972).
59 A. V. Fedorov, T. Valla, F. Liu, P. D. Johnson, M. W einert 

and P. B. Allen, Phys. Rev. B 65, 212409 (2002).
60 P. B. Allen, Phys. Rev. B 36, 2920 (1987).
61 D. R. Penn, Phys. Rev. B 35, 482 (1987).
62 W. S. M. Werner, K. Glantschnig and C. Ambrosch-Draxl, 

J. Phys. Chem. Ref. D ata  38, 1013 (2009).
63 A. N.. Rubtsov, M. I. Katsnelson and A. I. Lichtenstein, 

Phys. Rev. B 77, 033101 (2008).
64 S. Biermann, F. Aryasetiawan and A. Georges, Phys. Rev. 

Lett. 90, 086402 (2003).

* Electronic address: sbarriga@bessy.de

mailto:sbarriga@bessy.de

