
T

F
a

b

c

a

A
R
R
A
A

K
X
C
T
3
B
E

1

s
w
i
L
s
d
d
d
s
q
i
m
y
t
s
e
T
i
g
t
r

0
d

Journal of Alloys and Compounds 508 (2010) 233–237

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

hickness dependence of the L2,3 branching ratio of Cr thin films

. Aksoya,b, G. Akgüla, Y. Ufuktepea,∗, D. Nordlundc

Physics Department, University of Cukurova, 01330 Adana, Turkey
Physics Department, University of Nigde, 51100 Nigde, Turkey
Stanford Synchrotron Radiation Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025,USA

r t i c l e i n f o

rticle history:
eceived 19 May 2010
eceived in revised form 10 July 2010
ccepted 12 July 2010
vailable online 17 July 2010

a b s t r a c t

We report the electronic structure of chromium (Cr) thin films depending on its thickness using two
measures, total electron yield (TEY) and transmission yield mode. The Cr L edge X-ray absorption spec-
troscopy (XAS) spectrum shows strong thickness dependence with broader line widths observed for L2,3

edge peaks for thinner films. The white line ratio (L3/L2) was found to be 1.25 from the integrated area
under each L3 and L2 peak and 1.36 from the ratio of the amplitudes of each L3 and L2 peak after the
eywords:
ANES
r
ransmission yield
d Transition metals

deconvolution. Additionally, we show that full-width at half-maximum (FWHM) at the L2 and L3 edges
and the branching ratio of Cr change as a function of film thickness and these are discussed in detail. Using
L2,3 resonance intensity variation as a function of film thickness we calculated the electron escape depth
and X-ray attenuation length in Cr. Comparing our results with the literature, there was good agreement
for the L3–L2 ratio although the detailed shape can show additional solid state and atomic effects.
ranching ratio
lectron Escape depth

. Introduction

The X-ray absorption near edge structure (XANES) of 3d tran-
ition metals at the L2,3 absorption edge typically shows intense
hite lines that correspond to excitations from the 2p core state

nto the 3d band [1–5]. For investigating the 3d transition metals,
2,3 absorption process is a fundamental probe of the empty 3d
tates which involve the excitation of 2p electrons into unoccupied
-orbital, the overall intensities of L edge should depend on the
ensity of the empty d states so that the absorption process can be
escribed by the transition 3dn → 2p53dn+1 [6]. X-ray absorption
pectroscopy (XAS) is a suitable fingerprint technique to extract
uantitative information from 3d metals. The large spin–orbit

nteraction of the 2p core–hole splits the XAS spectrum into two
anifolds, which are the L3 (2p3/2) and L2 (2p1/2) levels. Hence, anal-

sis of the L2,3 absorption edge could provide information about
he electronic and magnetic structure of 3d transition metals. This
pin–orbit interaction has an important influence on the spectrum,
specially on the branching ratio (BR) between L3 and L2 peaks.
he branching ratio is the fraction of the total transition probabil-

ty into the 2p3/2 manifold. The peak intensity ratio should hence
ive information on the valence band spin–orbit interaction and
he electrostatic interaction in the final state [2]. The branching
atio (BR) is defined as the intensity ratio I(L3)/[I(L2) + I(L3)] where
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I(L3) and I(L2) are the measured intensity of the peaks of j = 3/2
and j = 1/2 components respectively. However, for a 3d transition
metal L2,3 edge, the relative intensity of these two peaks would be
2–1. This is predicted by one electron band structure calculation
but angular momentum coupling affects the branching ratio and it
strongly deviates from the 2:1 ideal [7,8], the so-called anomalous
branching ratio, which has been the subject of many studies [9,10].
So far various specific mechanisms have been considered to explain
the anomalous ratio such as 2p spin–orbit coupling, Coulomb and
exchange correlation effects of core–hole interaction [11].

Traditionally, XAS measurements are made in transmission
mode by measuring the intensity of the X-ray beam before and
after the transmission through a thin film, or in total electron yield
(TEY) mode by measuring the total number of electrons per incident
photon emitted from the sample as a function of photon energy.
These two different methods are commonly employed to mea-
sure extended fine structure for thin films and bulk samples which
both techniques are equivalent [12]. It has been shown that in TEY
mode, the total electron emission from the sample is determined
by the sample drain current under X-ray illumination. This tech-
nique allows probing a layer hundreds of angstroms thick, so that
surface cleanliness is less critical. The probing depth of TEY is actu-
ally more like 10s of Angstrom (as shown in this paper). Hence

is considered to be a surface and interface sensitive approach in
contrast to Transmission yield measurements. This gives rise to a
strong signal at the L edge which is proportional to the absorption
coefficient [1]. Moreover, the electron escape depth is a charac-
teristic length of the material and can be described as a measure
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Fig. 1. (a) Normalized total electron-yield (TEY) spectra of Cr films with different film thicknesses. Cr thicknesses in Angstroms (Å) are given beside each curve. The inset
of Fig. 1 shows details in the region of 587–595 eV for the 200 Å film together (upper curve) with TEY spectra recorded from 12 and 20 Å films (lower curves). The structure
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ecomes more pronounced for the thicker film compared to thinner Cr films. This st
r coverage. (b) Cr L2,3 edge absorption spectra recorded in transmission mode. The
f the L3 edge was set to zero just before the peak. The inset shows the plot of the a
t which shows the transmission detection and normalization was linear.

f the depth of elastic and inelastic electrons, that is, photoelec-
rons, Auger and secondary electrons. Because, the electron escape
epth is difficult to calculate, it is unknown for most materials; and

t remains uncertain how this length varies from one material to
nother [13–17].

The purpose of this paper is to contribute to our understanding
f the thickness dependence of the Cr L2,3 branching ratio intensity
nd full-width at half-maximum (FWHM) change in this region. We
herefore focus on the electronic properties of these films and also
xtracting the accurate value of electron escaping depth from XAS
pectra.

. Experimental

The experiments were performed at beam line 8.2 of the Stanford Syn-
hrotron Radiation Laboratory (SSRL). Beam line 8.2 is a bending magnet beam
ine dedicated to probing a wide range of core levels using photoemission,
hoto-absorption and XANES with an energy range of 100–1300 eV. TEY and trans-
ission spectra were collected at room temperature. Cr films were grown by

-beam evaporation on SiN coated Si wafers. The soft X-ray transparent 100 nm
iN window was centered within a rectangular (4 mm × 1.5 mm) Si wafer that
nables performing transmission measurements. For TEY measurements, Cr films
ere grown on a 200 �m Si wafer, which was the frame of the SiN window.

he thickness of the Cr layers, which varied from 12 to 200 Å, was measured
ith a quartz crystal thin film monitor. The base pressure of the preparation

hamber was 1 × 10−10 Torr and below 1 × 10−9 Torr during evaporation. The
ubstrates were mounted on sample holders, which could be transferred with-
ut breaking the vacuum between the film growth and measurement chamber.
n order to perform transmission measurements, the attenuation of the X-ray
ux was assessed by monitoring the incident photon flux with highly trans-
ittive gold grid and measuring the transmitted photon flux with a silicon

hotodiode mounted just behind the SiN membrane window. The photodi-
de was operated without a bias voltage and shielded from all light sources
xcept incoming photons passing through the sample. To eliminate the effect

f substrates from absorption spectrum, we measured the photo-absorption of
he SiN substrate itself just before the Cr deposition. To record the TEY spec-
ra, the sample TEY signal was monitored by the drain current through the
ire connecting the otherwise electrically insulated sample to ground, and the
umber of incoming photons measured by the TEY signal of an 80% trans-
issive Au net. The ratio of the sample signal and incoming photon flux
as then the TEY spectrum of interest for measuring the sample absorption

oefficient.
re (hybridization) disappears for the thinner film and becomes visible for increased
ra were normalized and in each spectrum the transmission signal before the onset
tion coefficient obtained for the different thicknesses the solid line is a linear curve

3. Results

Fig. 1(a) shows room temperature XANES spectra for Cr films at
the L2,3 region with varying thicknesses from 12 to 200 Å in TEY
mode. Chromium surfaces are known to be sensitive to oxidation.
Data collection was started at 525 eV to permit observing the oxy-
gen 1s region to enable verifying the purity of the thin films. Our
measurements showed that with the precautions taken, the effect
of oxygen on all films could be ignored. We were confident that our
thin films were pure metallic Cr films.

Fig. 1(b) represents absorption spectra of Cr thin films at the L2,3
region with varying thicknesses in transmission mode. The main
features are present in both spectra of Fig. 1(a) and (b) due to the
similarity between TEY and transmission measurements [12]. In the
transmission spectra, the main peaks were separated by ≈8.8 eV,
which showed a typical structure of the Cr L edge [18]. The energy
separation due to the spin–orbit interaction of Cr 2p electrons were
observed in the spectra. In each spectrum, the transmission signal
before the onset of the L3 edge at 565 eV was set to zero just before
the peak. The main features in the spectrum of Fig. 1 were two
maxima at 574.6 and 583.3 eV, which showed a rich multiplet struc-
ture above the 2p absorption threshold. We observed no detectable
energy shift of L2,3 edges in the film growing process but the inten-
sity of both peaks were changed as a function of the film thickness.
Our high-resolution measurements reveal more structure, which
was an additional hump in Fig. 1(a) just after the L2 edge observed
for the films above 50 Å Cr thickness due to transition from 2p to
4s or 3d–4s hybrid (mixed) states in the valence band. The inset
of Fig. 1(a) shows details of the additional peak in the region of
587–595 eV for the 200 Å thick film (upper curve) together with
TEY spectra recorded from 12 and 20 Å films (lower two curves).
The structure becomes more pronounced for the thicker film with
respect to the thinner one. The first step of the growth regime

was most likely to be island formation, which showed the elec-
tronic structure of individual Cr islands. It is obvious that the shape
of spectra shows strong thickness dependence with broader line
widths for thinner Cr films. For consistency, we plotted the absorp-
tion coefficient obtained for the different thicknesses, to show the
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Fig. 2. (a) Normalized and the background-corrected total electron-yield (TEY)
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pectra of Cr films with different film thicknesses. Cr thicknesses in Angstroms (Å)
re given beside each curve. (b) The L3 and L2 edges for 20 Å thickness of Cr. Open
ircles are experimental data. The solid line is the best fit to the experimental data;
ashed lines demonstrate deconvoluted Lorentzian functions.

ransmission detection and normalization was indeed linear (see
he inset in Fig. 1(b)).

Thole and Laan pointed out that an electrostatic interaction
etween d electron and valence hole and also spin–orbit correlation
f d electrons are affecting the BR [2]. To estimate the experimen-
al L3–L2 BR intensity I(L3)/[I(L2) + I(L3)] for Cr thin films, we used
he normalized L3 and L2 peak heights. In general, the L3 and L2
ANES spectra include contributions arising from the 2p–3d tran-
itions as well as excitations from the 2p state to continuum states.
n order to isolate the excitation spectra only from the inner-shell
p state to the bound 3d state, it was necessary to remove the back-
round component. Fig. 2(a) shows both the normalized and the
ackground-corrected TEY spectra of Cr thin films of varying thick-
ess. We consider the intrinsic Lorentzian energy widths due to
he finite lifetime of the core–hole. The peaks arising from transi-
ions to bound states in the d-band be described by Lorentzians
uperimposed on the background. In Fig. 2(b), the background-
ubtracted spectrum for 20 Å Cr thickness was deconvoluted by
wo Lorentzian functions (corresponding to L3 and L2 peaks) sepa-
ated by spin–orbit splitting. The areas under each function and the
mplitudes (intensities) of each function were determined, giving
3–L2 ratio of 1.25 for areas and 1.36 for amplitudes. It is crucial to
oint out here that the best fit (in the Fig. 2b), which is a superposi-
ion of two Lorentzian functions, was in good agreement with the
xperimental data. In measuring the L3/L2 ratio from areas by elec-
ron energy loss spectroscopy (EELS) Pease et al. [19] report 1.57,

eapman et al. [20] report 1.2 and Ouyang et al. [21] report 1.35.
he present TEY result agrees well with the finding of Leapman et
l.

Fig. 3 presents the measured branching ratio intensity as a func-
ion of the Cr film thickness. The area of the L3 and L2 lines would
Fig. 3. Branching ratio of the background-corrected intensities at the L2,3 edge as
a function of Cr film thickness. The drawn line serves only guide the eye. The inset
shows the plot of BR intensity versus inverse of the film thicknesses, the solid line is
a linear curve fit to experimental data which assumes an ideal layer by layer growth.

be the correct measure of their intensity, which is proportional to
the oscillator strength of the 2p–3d spin–orbit interaction. It can be
seen in Fig. 3 that the BR changed significantly from 0.66 to 0.62
as film thickness increases from 12 to 200 Å. The measured values
were consistent with the values obtained from previous research,
which were from 0.41 to 0.8 in the 3d transition metal series [22].
The inset of Fig. 3 shows the plot of BR versus inverse of the film
thicknesses, the solid line is a linear curve fit to experimental data
which assumes an ideal layer by layer growth. The growth mode of
Cr films shows good agreement with layer by layer model. The plot-
ted curve in Fig. 3 shows that the electronic structure changes little
for Cr thin film thicknesses above 80 Å. After this critical thickness,
the branching ratio was found to be almost constant and close to
bulk value of Cr. The thickness dependency clearly indicates that
the spectrum of thin Cr film can be quite different than bulk Cr.

The change in BR intensity is a very large effect due to chang-
ing the coordination of the Cr atom from a surface atom to bulk
atom with increasing film thickness. The origin of the observed BR
decrease with film thickness can be discussed in terms of both 2p
and 3d levels. In the case of 3d valence states a broadening of the
valence states and increase in d-orbital occupation with increasing
film thickness are expected. This can be explained by the transi-
tion from quasi-atomic to bulk-like structure of thin films resulting
in the screening of the 2p–3d Coulomb interaction due to more
delocalized electrons in the thick film. Screening of the core–hole
weakens the 2p–3d Coulomb interaction leading to a small branch-
ing ratio. This result reveals that the electron core–hole interaction
decreases with film thickness. A similar trend in the L2,3 branching
ratio in vanadium, cobalt, and chromium clusters has been reported
in the literature [23,24].

In order to study the thickness dependence more quantitatively,
we examined the full-width at half-maximum at the L2 and L3 edges
as a function of the Cr film thickness (see Fig. 4). The change of
FWHM in Fig 4 cannot be explained by any change of 2p core lev-
els, and it can only be related to the change in the unfilled states.
The measured L3 and L2 FWHM decrease from 4.5 to 3.6 and 4.4 to

3.4 respectively due to change in 3d band with Cr thickness. The
reduction in FWHM correlated to a reduction in the width of the
3d band. The line width decreases with increasing Cr film thickness
resulting in sharp peaks. However the intensity of L edge absorp-
tion is strongly dependent on 2p–3d transitions and the number of
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Fig. 6. (a) Normalized Cr L-edge XANES spectra for 200 Å film measured at six dif-
ferent incident angles. (b) Angular dependence of Cr L2,3 resonance intensity plotted
as a function of the angle of incidence of light. Both intensity curves are normalized
ig. 4. L3 and L2 main peak full-width at half-maximum (FWHM) in the total
lectron-yield (TEY) as a function of Cr film thickness. The drawn line serves only to
uide the eye.

final states available. When such d vacancies are present a strong
nd sharp peak is observed near the band edge. Therefore the life-
ime is very sensitive to the band structure of the unfilled 3d band
tate. Thicker films showed smaller FWHM than thinner films due
o the small core–hole lifetime broadening resulting in sharp mul-
iplet structures. It has been shown that the measured white line
idth for any oxide is less than that of the corresponding metal

25].
The electron escape depth (�e) is one of the most important

arameters in electron spectroscopy. To calculate (�e), we used
he model proposed by Thole [26]. In the case of thin films, TEY
r transmitted intensity is given by the expression:

(x) ≈ I∞(1 − e−(x/�e)) (1)

here x is the layer thickness, �e is the electron escape depth, and
∞ is the electron yield from an infinitely thick layer. In Fig. 5 mea-
ured values of relative transmitted peak intensities (calculated in
ig. 1b) of L2,3 are plotted as a function of film thickness. The solid

ines were obtained from best fits of the Eq. (1). We have found from
he present data that the best fits correspond to �e(L3) = 25 ± 2 Å
nd �e(L2) = 27 ± 2 Å values. Frazer et al. measured the maximum
lectron escape depth of core level binding energies ranging from

ig. 5. Normalized peak height of L3 and L2 resonance as a function of Cr film thick-
ess. Solid curves result from fitting the function y = A(1 − e−bx) to the respective film
hickness dependencies. The best-fitting function using the electron escape depth
s a free parameter was obtained at 25 and 27 Å for the L3 and L2 edges respectively.
to 100 for � = 80◦ .

77 to 929 eV found to be between 15 and 141 Å [27] but no data is
available in the literature for comparison; electron escape depth at
L2,3 edge is to the best of our knowledge the first to be measured
for pure Cr film.

Fig. 6a shows normalized Cr L edge TEY-XANES spectra for 200 Å
Cr film recorded at six different incident angles with respect to the
surface of the sample. The relative intensity is higher in the mea-
sured spectra at small X-ray incident angle (30o). When changing
from normal to grazing incidence geometry, the TEY signal will
increase, since the effective path length within the layer sampled
by TEY increases; hence also the number of absorbed photons. For
a thick film (x»�e) Eq. (1) can be written as

I�(�, E) sin � ≈ C

(1/ sin �) + (�x(E)/�e)
(2)

where � is the angle of incidence of the X-rays, �x(E) is the X-ray
attenuation length at energy E. Fig. 6(b) shows the L2,3 peak max-
imum intensities multiplied by sin � and plotted as a function of
the X-ray angle of incidence. The solid curves are best fit of Eq. (2)
using C and �x(E)/�e as free parameters. We found that best fits cor-
respond to �x(E)/�e = 6.78 at the L3 edge and �x(E)/�e = 7.35 at the
L2 edge. To obtain X-ray attenuation length we used our calculated
electron escape depth values for Cr in Fig. 5. The values obtained

for �x(E) at photon energies corresponding to the maximum of the
L2,3 edges are �x(L3) ≈ 165.9 Å and �x(L2) ≈ 198.45 Å, respectively.
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. Conclusions

In summary, we performed two experimental series of XAS to
btain L edge branching ratio intensity and electron escape depth of
r, measured both in TEY and transmission modes. A strong thick-
ess dependence of XAS with Cr film thickness was observed. We
sed an exponential curve fit of the peak intensities as a function of
lm thicknesses to derive values of electron escape depth. Further-
ore, we found that with decreasing film thickness, the number of
holes decreased and the spin–orbit interaction increased, result-

ng in higher branching ratio values at the L edge. Thinner film
howed atomic-like structure with island growth that turned to a
ore bulk-like structure as film thickness increased. This demon-

trated that FWHM at the L2,3 edge changed from 4.5 to 3.4 in pure
r with increased thickness which showed that the electronic and
agnetic structures of Cr thin films differ with respect to bulk. In

ddition, we present the first results of our systematic investigation
f the TEY electron escape depth and X-ray attenuation length of
he Cr thin films. The XAS study provides valuable information for
nvestigating surface phenomena and magnetism related electronic
tates of 3d metals.
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