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X-ray absorption spectroscopy (XAS) has the highest sensitivity for chemical element detection on surfaces. With this
approach, small amounts of the lanthanide-containing endofullerene molecules (Ho3N@Cgp) have been measured by total
electron yield at a low flux bending magnet beamline. The monolayer coverage is calibrated by extrapolating the signals of
constant doses (3x 104 cm™2) of Ho ions implanted into SiO; with energies between 2 and 115 keV. At room temperature,
the Ho XAS spectra of the molecules and implanted ions indicate trivalent but not identical Ho ground states. Still, this
approach demonstrates a way for calibration of small coverages of molecules containing open core-shell elements.

Most studies of molecules on surfaces require the deter- (@ 120
mination of the molecular coverage. There are various tech- <
niques to determine the thickness or number of layers of the = 100
surface, including x-ray photoemission spectroscopy (XPS)!, 2
scanning tunneling microscopy (STM)?, atomic force mi- 3 8
croscopy (AFM)?, low energy electron diffraction (LEED)* L 60
and x-ray diffraction”. .
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X-ray absorption spectroscopy (XAS) across resonance has
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the highest elemental sensitivity among the coverage determi-

nation methods as can be seen in the tabulated x-ray attenu- L A HON@Ca
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ation coefficients®. At resonance, i.e. for direct transitions
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between occupied and unoccupied atomic orbitals the absorp-
tion is particularly high. This involves a tuneable x-ray source
that allows for a resonant excitation process with a high cross
section’ but more signal as compared to non-resonantly ex-
cited photo-electrons in XPS. As it is known for XPS, XAS
accesses the electronic structure and chemical bonding of
molecules® as well and is particularly useful for the study of
systems close to the detection limit. This limit is not only
given by the number of atoms to be probed, but also limited by
the background of the other atoms that are hit by the x-rays.
For the present problem of monolayer or sub-monolayer in-
vestigation, it is best for x-ray absorption to make use of con-
comitant electron yield detection, since the electrons in the
relevant energy range have a mean free path closer to the
layer thickness than x-ray photons. The highest surface sen-
sitivity would be obtained by the direct measurement of the
Auger electrons that relax the given x-ray excitation®, while FIG. 1. (a) Sum of 30 XAS scans of the Ho M 5 edge with 1000 data
the detection of the total electron yield (TEY) is also more points at room temperature of HosN@ Cg recorded as total current
surface sensitive than the measurement of the x-ray fluores- by the Everhard-Thornley (ET) detector. Inset: Optical microscope
cence, which is best suited for systems with thicknesses cor-  image of graphene and gold contacts on a SiO»/Si sample. The dark
responding to the x-ray attenuation length. hexagonal regions represent smg.le-crystallme m.(molayer graphe.ne,
. A . the lighter regions are the bare SiO,, and the bright bar on the right

The superior sensitivity of XAS applies to the present is the gold contact. (b) Top panel: Ho Ms XAS data (spec A) from
case of monolayers and submonolayers of endofullerene (4. Spum (spec B), and 10nm (spec C) implanted layers with offsets.
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molecules with lanthanides as endohedral units, for exam-  Middle panel: Calculated Ho XAS multiplet spectra of Ho> without
ple, DyScoN@Cyg that has been investigated for the single- (spec D) and Ho>* with ligand field (LF) (spec E). Bottom panel:
molecule magnet behavior!®. Running deviations as described in Ref ''. The corresponding statis-

tical noise is indicated by dashed lines. Blue: Deviation 9 between
spectrum A and C, Red: A and B, Yellow: B and C, Green: D and E,
are listed in %.



For the case of HosN@Cgg the Ho My 5 edge has a high
cross-section, and it is furthermore known that the sensitiv-
ity of XAS to the light polarization may give information on
the lanthanide ligand field and the 4f orbital orientation with
respect to the light polarization vector!:11:13,

We have demonstrated before that high-quality XAS signals
at a low flux bending magnet beamline can be obtained by im-
plementing an Everhard-Thornley (ET) detector for the total
electron yield'#. Measuring the thickness of a multilayer com-
pound with XPS can be involved although the photoemission
cross sections and electron mean free paths are well known'>.
The short electron mean free path provides high surface sensi-
tivity, though different models, such as layer by layer or clus-
ter growth, provide different results. On the other hand, the
longer probing depth of XAS that is performed with TEY is
less sensitive to influence of the details of the growth model on
the layer thickness and provides robust surface density num-
bers of elements, if the signal may be calibrated. As we show
here, the monolayer HosN@Cgy XAS signal may be accu-
rately calibrated from the extrapolation of the Ho signal of
defined Ho ion doses that have been implanted with different
energies. We measured XAS of the Ho M5 and, for compari-
son, the Si K-edge of the SiO,/Si substrate as a function of Ho
implantation depth. This enabled us to determine the cover-
age of the evaporated molecule sample on gMOS devices and
as an intermediate of the determination of the probing depth
of TEY on SiO;.

The study is carried out at the Photoemission and Atomic
Resolution Laboratory (PEARL) beamline at the Swiss light
source'®, with photon energies from 1330 eV to 1860 eV, with
a beam spot size of about 200 um x 100 wm on the sample
at the normal incidence. HosN @Cgq molecules first dissolved
in toluene are loaded in a Knudsen cell and evaporated in-situ
on the target at 750 K for 10 mins, about 15 mm away”.

The inset in Figure 1(a) shows the microscope image of the
target which consists of single-layer graphene (dark region)
with Au-contacts on graphene/SiO, to ground the graphene.
The tiny darker spots in the center of the individual hexagons
are considered to be bilayer graphene!®. Figure 1(a) depicts
the Ho My 5 edge XAS spectrum that is a sum of 30 scans
measured by the Everhard-Thornley detector!®. One way to
eliminate the background noise from the XAS spectrum is
by fitting and dividing it with a 5-order polynomial function
while excluding the Ho My s edge'*. After background re-
moval and normalization, Figure 1(b) displays the Ms edge
spectrum from Figure 1(a) as a black curve and two spectra of
implanted Ho with energies of 2 and 8 keV, where the Ho®*
ions are implanted into SiO 5 nm and 10 nm below the sur-
face, respectively, which the Ho ions were implanted using a
high-current 350 kV Danfysik implanter at the tandem labora-
tory of Uppsala University?’. Implantations were performed
in 2 mm X 2 mm patches masked by an aluminium foil em-
ploying a scanned beam.

The running deviation shows the integral of the absolute
value of the difference between two spectra after background
removal and normalization!!. In Figure 1(b), discernible dif-
ferences between the two spectra become evident within the
Ho M5 edge region.
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FIG. 2. (a) Left panel: XAS spectra of Ho My 5 edge for differ-

ent implantation depth of Ho on a SiO, substrate, with a dose of
3x 10" cm™2 ions, equivalent to 3 Ho atoms in an ML of Cgy (&
~ I.Inm). Each spectrum is the sum of two XAS scans. The Ho
XAS signal is significantly suppressed as the Ho ions are implanted
deeper, with almost no Ho Ms peak observed a depth of 50 nm. Inset:
Configuration of the 2mm x 2mm Ho implantation patches on a 10
mm X 10 mm SiO, sample. Right panel: XAS of the corresponding
Si K-edges. In both panels the individual spectra are offset from the
spectra of the bare surface for better visibility. (b) Top panel: Si K-
edge peak (square) and Ho M5 peak (triangle) intensities versus Ho
implantation depth zo. The intensities are normalized with the peak
intensity at 5 nm. The dashed lines are the fits between the filled sym-
bols with attenuation depths for secondary electrons Ag; = 9 + 3 nm,
whereas Ag, = 10.3 = 0.7 nm. Bottom panel: Peak ratios between
the M5 edge and Si K-edge (filled circle). The dashed line is the ex-
ponential fit between 5 and 50 nm that extrapolates to zo= 0 (empty
circle), where the peak ratio is 0.32 £ 0.01.

The statistical noise is inferred from the data outside of the
M5 edge region E ¢ [1340, 1355] eV. The dashed lines are fit-
ted to the segments preceding the Ho M5 edge E < 1340 eV,
and those behind the Ho Ms edge E > 1355 eV. The devia-
tion 2 in the Ho signal is then determined from the difference
between the two lines at the center of the Ms multiplet.

While the deviation between the 5 nm and 10 nm implan-
tation depths spectra 2(BC) in Figure 1(b) has a value of
2.0 £ 0.1%, the deviation between the implanted Ho (spec B)



TABLE 1. Implantation parameters for 3x10'* cm=2 Ho ions in
SiO; and observed Ho M5 and Si K| XAS peak intensities. The first
row reports the Si Ky intensity for the bare SiO,. The STB ratios are
the Signal-To-Background ratios at the given peak energies.

Energy Depth Ig; Si STB Iy, Ho STB
(keV) (nm) (peak) ratio (peak) ratio
- Surface* 1.190 9.481 - -
2 5 1.175 8.408 0.252 0.34
8 10 1.095 8.607 0.149 0.18
28 20 1.066 8.104  0.062 0.06
54 30 1.059 8416  0.028 0.03
115 50 1.019 7.831 0.000 0.00

and the Ho*>* ions in the molecule (spec A) amounts to
2(AB)=8.1 + 0.1%. While this analysis suggests no differ-
ence between spectra of different implantation depth, the dif-
ference of the Ho spectrum of the molecules and the implants
is small, though significant.

To understand this disparity the multiX software for the cal-
culation of XAS multiplet spectra®! is used. With this we may
infer the same valency of Ho’* valency but a different ligand
field. As the ligand field of the Ho in the SiO, matrix is ex-
pected to be weaker, we calculated Ho>* Ms multiplets with
and without the ligand field known for the molecules at room
temperature'3. The resultant theoretical XAS spectra are dis-
played in the middle panel of Figure 1(b), and the running de-
viation may be used to support the hypothesis of a weaker lig-
and field for Ho in SiO; compared to Ho in Ho3N@Cgg. The
deviation amounts to Z(DE)=11.3%, close to Z(AB)=8.1%.
The agreement between the experiments and the proposed
model is good and it shows that the running deviation is a sen-
sitive mean to quantify small spectral differences. The higher
deviation of the theoretical spectra can be partly attributed to
the absence of noise. We like to emphasize that this does not
affect the calibration procedure as long as the x-ray absorption
cross sections of the two Ho species are the same.

In Figure 2(a), the spectra of the Ho My 5 edge between 5
and 50 nm implantation depth from corresponding implanta-
tion energies®” are presented in the left panel. They indicate
a significant decrease in Ho My 5 peak intensity with deeper
implantation depths. The right panel of Figure 2(a) displays
the Si K-edge XAS spectra taken after the corresponding Ho
M, 5 edge measurement, showing a less pronounced decrease
in Si Kj peak intensity compared to Ho. The normalized in-
tensities are the ratios between the Everhart-Thornley currents
and the mirror currents and for the corresponding peak inten-
sities are summarized in Table 1 together with the signal-to-
background ratios and the implantation energies of the ions.
The Ho ion energy for a given implantation depth in SiO, was
determined with the software SRIM (Stopping and Range of
Tons in Matter)® and is in good agreement with existing Yb
implantation data which has been also calculated with Monte
Carlo data analysis (TRIM)?2.

In Figure 2(b), we show the decrease in both, the Ho M5
peak (triangle symbol) and Si K; peak (square symbols) nor-
malized intensities with increasing Ho implantation depth.
The Si K; peak intensity decrease can not be explained by
an attenuation of the x-ray beam due to the presence of the

Ho, but we propose it to be due to the change of the silicon
density?* in the SiO; layer down to the respective implanta-
tion depth. Considering this effect, it is possible to fit both,
the Ho and Si, peak intensities using the model:

AZ,(;) (1)

Iy, :I(I;I() : exp(_

where lé’ ¢ is the Ho intensity for implantation depth zo=0, and
Apno, 1s the effective attenuation length (TEY probing depth) of
Ho. This is the standard equation for signal attenuation of a
8-layer at zp>.

For Si, we do not expect an attenuation if the x-ray attenuation
of Ho can be neglected. However, the data indicate a decrease
depending on zo. With this we get:

I =15 {om (l—eXp(—[i—(;)) + eXP<—[i—Zi)}’ 2

where Igi is the Si intensity for implantation depth zo=0,
and Ag; the effective attenuation lengths of the Si electron
yield. o is the Si density parameter describing the effect of
ion penetration down to zg. The data in Figure 2(b) are fitted

with exponential functions as given in Eq. 1 and 2 and yield
for the electron cascade attenuation lengths or TEY probing
depth A, = 103 £ 0.7 nm and Ag; =9 £ 3 nm for Ho
and Si, respectively. The present TEY probing depth have the
same order of magnitude as predicted by the old empirical for-
mula of Reimer cited in®, i.e. 6 and 8 nm. This emphasizes
that the A values should be measured, rather than estimated
if an accurate coverage calibration shall be performed. The
Si K; peak intensity (Eq. 2) has a density change parame-
ter o of 0.83 £ 0.03 which translates to 17% of Si density
decrease due to the implantation process. The peak ratio be-
tween Ho M5 and Si K extrapolated to zg = 0 is the parameter
for the determination of the monolayer coverage of the Ho-
containing molecules. To this extent, the peak ratio (R) of Ho
and Si is shown in the bottom panel of Figure 2(b) with filled
circles. The empty circle represents the extrapolated value
R(z0=0)=R after fitting an exponential function, which gives
a dimensionless value of Rg=0.32 + 0.01. Ry is determined
for every beamline and monochromator setting as long as the
photon flux measurement, which was performed in the present
case by mirror current measurements, is accurate.

Using the extrapolated Ry = 0.32 value between the Ho
Ms and the Si K; peak, we calibrated the coverage of the
Ho3zN@Cgp molecules evaporated onto the graphene surface
in Figure 1(a), where we find Ro(Hos N@Cgp) =0.290+0.002.
This corresponds to a coverage of 0.91+0.04 monolayers of
Ho3sN@Cgg molecules. We note that we neglected in this anal-
ysis the graphene layer and the rest of the molecules due to the
large A values.

To summarize, we have demonstrated a non-destructive
method to determine the monolayer coverage of small
amounts of evaporated lanthanide-containing endofullerene
molecules using x-ray absorption spectroscopy (XAS).
Through our experiment, we have provided an example
of how HosN@Cgy monolayer coverage calibration can be
achieved by measuring peak ratios of Ho M5 and Si K. This



peak ratios are an important piece of information that can fa-
cilitate accurate calibration of the coverage, which can also
be applied to any small coverage of molecules containing an
open core-shell element. Overall, our study highlights the po-
tential of XAS as a reliable and effective technique for mea-
suring the coverage of molecules.
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