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The interface of manganese(Il) phtalocyanine (MnPc) with an «-RuCl; single crystal is studied by means
of photoelectron spectroscopy. The organic molecule was evaporated on top of an in sifu cleaved o-RuCl;
bulk crystal in steps. The work function and electron affinity of «-RuCl; is determined to be 6.3 and 5.4 eV,
respectively, in line with common fluorinated acceptor molecules, but with the potential to absorb more electrons
per area at interfaces with other materials. These favorable electronic properties lead to a charge transfer from
MnPc to a-RuCl; which manifests itself mainly in peak shape changes of core level photoemission spectra
and further filling of Ru 4d states as revealed by valence band photoemission. This work demonstrates the
promising potential of @-RuCl; as a strong acceptor material for interfaces in general, and for organic molecules

in particular.

DOI: 10.1103/PhysRevB.106.165418

I. INTRODUCTION

The main focus of research concerning o-RuCls; lies on its
exotic magnetic properties: The proximity to a Kitaev quan-
tum spin liquid (QSL) state [1]. A prerequisite for Kitaev’s
model are spins § = 1/2 on a honeycomb lattice, which is
realized in «-RuCl; due to its complex electronic structure:
Ru’" possesses a 4d> configuration and a combination of
octahedral crystal field splitting, spin-orbit coupling, and Mott
physics leads to effective pseudospins 1/2 [2—4]. Various
experimental techniques have been applied to determine the
magnetic ground state, such as magnetization measurements,
specific heat measurements, and neutron scattering, which
turned out to be Heisenberg-type antiferromagnetic below 7 K
[5]. Subsequently, the influence of external pressure and mag-
netic fields has been studied showing strong indications for a
field-induced QSL state for fields above about 10 T [6-10].
Efforts to stabilize the QSL state in «-RuCljs are still pursued
to this day.

Another less prominent property of «-RuClj is its high
work function, reported to be 6.1 eV [11] and found to be
6.3 eV in this work. This makes charge transfer processes at
interfaces with other materials highly likely, e.g., the interface
of graphene with «-RuClj, resulting in highly hole-doped
graphene, is studied both theoretically and experimentally
[12-16].

On the other hand, electronic devices made out of poly-
mers and organic molecules are on the rise with organic LED
(OLED) screens in a wide range of commercial products and
more exotic devices being the subject of research in both
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academia and industry [17,18]. Interfaces of two-dimensional
(2D) inorganic with organic compounds are rarely studied,
even though both research fields aim towards cost effective
and high performance devices [19] and combining 2D ma-
terials such as WSe, with organic acceptor molecules leads
to p-type doping at the interface [20]. The family of metal
phtalocyanines (MPcs) features favorable electronic and op-
tical properties as well as chemical stability and therefore
has been considered for many technological applications such
as molecular photovoltaics [21]. The electronic properties of
MPcs also depend on the substrate underneath and can there-
fore be tuned [22]. If the central ion is a transition metal such
as Fe, Mn, or Co, it carries an effective spin and applications in
spintronics are possible [23,24]. In the case of manganese(II)
phtalocyanine (MnPc), the central ion carries a spin S = 3/2
and a MnPc crystal shows ferromagnetic interactions [25,26].
Recently, the magnetic coupling of MnPc through interfaces
was reported and shown to be tunable by electron doping,
further pushing the field towards applications [27,28].

The present paper investigates the interface of an a-RuClj
bulk crystal with MnPc by means of ultraviolet (UPS) and
x-ray photoelectron spectroscopy (XPS).

II. METHODS

The photoemission studies have been carried out using a
two-chamber ultrahigh vacuum system (base pressure about
5 x 10710 mbar). All core level data have been determined
with a monochromized Al Ko x-ray source (XR-50-M x-ray
tube with Focus-500 monochromator) at room temperature.
Ultraviolet photoelectron spectroscopy (UPS) was carried out
using a helium gas discharge lamp UVS-300. The total en-
ergy resolution of the spectrometer equipped with a SPECS
PHOIBOS-150 hemispherical analyzer was 0.15 eV for UPS

©2022 American Physical Society
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FIG. 1. (a) XPS survey of the clean o-RuCl; surface. Peaks are labeled based on their spectroscopic origin. (b) Cl 2p core level spectra
for clean @-RuCl; and after each evaporation step. The signal attenuation can be used to quantitatively estimate the MnPc overlayer. Inset:
Normalized C1 2p spectra of the clean crystal and after 900 s of MnPc evaporation. (c) Evaluated layer thickness with respect to evaporation
time and the prediction from the quartz crystal microbalance. The obtained thickness values from XPS will be used for all following figures.

and 0.35 eV for XPS. Valence band spectra were corrected
for contributions of He I8 and He Iy to the He /o main line
at 21.21 eV assuming they had the same shape, intensities
of 42% (He IB) and 1.1% (He Iy), and their energy being
shifted towards lower binding energies by 1.87 eV (He I8)
and 2.52 eV (He Iy). To obtain the secondary electron cutoff
a bias voltage of 5 V is applied between the sample and an-
alyzer. The photoelectrons were collected in normal emission
with either UV or x-ray radiation impinging the sample at
about 45° from the sample normal.

Plateletlike single crystals up to several mm in diameter
of RuCl; were grown by chemical vapor transport reactions
in the temperature gradient between 650 and 700 °C for 3-7
days. Their chemical composition and crystal structure were
characterized by energy-dispersive x-ray spectroscopy and x-
ray diffraction.

Manganese(II) phtalocyanine (MnPc) was obtained from
a commercial source (Alfa Aesar) and purified by heating at
380 °C for approximately 3 days under UHV conditions.

The «-RuCls crystal was cleaved under UHV conditions
using Scotch tape. After initial spectroscopic measurements of
the clean crystal, MnPc was deposited on top of the sample in
steps by in situ thermal evaporation at around 435 °C. The film
thickness was controlled using a quartz crystal microbalance
during the evaporation process and afterwards verified by the
intensity reduction of the Cl 2p core level of o-RuCls;.

II1. RESULTS

In Fig. 1(a) we show core level photoemission data as
obtained for the freshly cleaved o-RuCl; single crystal. The
main spectroscopic features are labeled according to their ori-
gin. Only features related to a-RuCl; are present, indicating
a clean surface after cleaving. This is supported especially
by the absence of oxygen and carbon related XPS lines.
Figure 1(b) presents the evolution of the Cl 2p core level
upon stepwise evaporation of MnPc with the evaporation time

given in the legend. A Shirley background [29] was subtracted
to set the background level to zero. The line shape remains
unchanged as demonstrated in the inset of Fig. 1(b) comparing
the spectra obtained for the clean crystal and after 900 s of
MnPc evaporation normalized to the same peak area. The drop
in intensity is due to the overlayer of MnPc attenuating the
photoemission signal from the «-RuClj crystal. This can be
used to quantitatively estimate the MnPc layer thickness by
assuming exponential dampening of the peak area and using
the empirical electron mean free path formula for organic
compounds found by Seah and Dench [30]. The entire peak
area from 196 to 203 eV of the background subtracted spectra
was integrated.

The evaluated layer thicknesses with respect to evapora-
tion time is presented in Fig. 1(c) (black curve). Before each
evaporation step, the quartz crystal microbalance was used
to adjust the deposition rate to 0.2 nm/min which corre-
sponds to thickness values given by the red curve. The two
complementary methods agree well, demonstrating the high
controllability of the preparation method and indicating layer-
by-layer growth which is assumed for XPS signal attenuation.
The deviation at the final evaporation step could be due to
increased disorder and reduced sticking coefficient. From now
on, we will refer to the MnPc thickness obtained from the XPS
estimation rather than the evaporation time rounded to one
decimal place. Note that the MnPc coverage of 0.4 nm after
the initial evaporation step corresponds to one closed layer of
MnPc assuming layer-by-layer growth [31].

For now, we will shift our attention to the UPS results
presented in Fig. 2 and pick up the discussion of the XPS
results later. Figure 2(a) shows the valence band spectroscopy
results obtained with He Jo (21.21 eV) radiation. The pure
a-RuCl; spectrum matches published results and shows no
signs of degradation. The uppermost valence peak is located
at 1.6 eV and has a mainly Ru 4d character with five electrons
in the 4d shell for a Ru** configuration [4]. Exposure to air
or deliberate tuning attempts such as sputtering or deposition
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FIG. 2. (a) Valence band spectroscopy measured with He /e (21.21 eV) radiation depending on MnPc layer thickness. The curves are
offset for clarity. (b) Comparison of the 0.4-nm MnPc spectrum with partially potassium-doped «-RuCl;. (c) Comparison of the 2.5-nm MnPc
spectrum with pure MnPc (10-nm MnPc on gold). (d) Secondary electron cutoff fitted with Heaviside functions to evaluate the work function.
(e) Obtained work functions from the fitting procedure with respect to MnPc layer thickness.

of alkali metals onto the crystal surface lead to additional
intensity at the lower binding energies due to further filling of
the 4d shell [3,32,33]. No such signs are present in the spec-
trum of the freshly cleaved crystal. The spectrum at 2.5 nm
MnPc coverage resembles that of pure MnPc as shown in
Fig. 2(c) with the most prominent feature being the double
peak structure of the uppermost valence band. The origin of
the shoulder at lower energies is a singly occupied molecular
orbital (SOMO) that is a hybrid state of Mn 3d and the ligand
7 orbitals (with a large Mn 3d contribution), whereas the main
peak at 1.3 eV has a ligand 7 character only [34,35]. In the
case of a charge transfer at an interface, the SOMO is emptied
and the low-energy shoulder vanishes which should in prin-
ciple be possible to observe in the spectra with intermediate
coverage [36,37].

However, the shapes of spectra between the 0.4 and 1.0 nm
MnPc overlayer are almost identical and only at 1.4 nm
coverage, some additional intensity at around 1.3 eV is vis-
ible which corresponds to the position of the main peak of
the MnPc highest occupied molecular orbital (HOMO). The
reason is the dominant contribution of «-RuCls to the over-
all UPS intensity, which can be explained by the following
two arguments: First, the photoionization cross sections of
Ru 4d and Cl 3p, out of which the «-RuCl; valence band
is comprised, are 4.2 and 2.3 times larger compared to C
2p, respectively [38]. Second, the surface density of va-
lence electrons is much higher in an «¢-RuCl; layer than in
a MnPc layer. Using a-RuCl; crystal structure parameters
found by Johnson er al. [5], the top layer unit cell covers
0.59762% sin(60°) nm? ~ 0.3093 nm?2. On the other hand, a
single flat-laying molecule covers an area of about 1.38 x
1.38 nm? [39] [value for CuPc on highly oriented pyrolytic
graphite (HOPG)], which is about 6.2 times the value of an
a-RuCl; unit cell area. Integrating over the first 1 eV of the

occupied density of states of @-RuCl; (calculation taken from
Ref. [3]) yields about 60 electrons per o-RuCl; layer within
the area a MnPc molecule covers. The double peak valence
structure of MnPc consists of three electrons in the case of
no charge transfer, and two electrons if the SOMO is emptied
at the interface per molecule. Therefore, the surface density
of valence electrons in the region of interest should be about
20-30 times higher in ¢-RuCl; than in MnPc.

The most prominent change of the valence band be-
tween the clean o-RuCl; spectrum and the lowest coverage
of 0.4 nm is the shoulder at lower binding energies. Fig-
ure 2(b) compares the 0.4 nm spectrum with that of a partially
potassium-doped «-RuCls crystal showing a very similar
structure. The origin is additional filling of the Ru 4d level
and a clear indication for a charge transfer towards a-RuCls
[32]. We can estimate the charge transferred towards a-RuCl;
assuming one electron per MnPc molecule resulting in 0.081
electrons per ruthenium. The observed shoulder at a lower
binding energy in Fig. 2(b) appears larger than the estimation
suggests. Possible reasons could be a more dense stacking of
the MnPc molecules than assumed, leading to a larger charge
transfer, or modifications of the uppermost surface layer of
RuCl; during the evaporation process, e.g., by the formation
of a small amount of chlorine vacancies.

The secondary electron cutoff (SEC) is shown in Fig. 2(d)
with Gaussian broadened Heaviside step functions fitted to
determine the energy position [40,41]. All spectra show a
small finite intensity at lower energies than the cutoff position
due to the spot size of the lamp being slightly larger than the
a-RuClj crystal and some stray intensity being detected. The
x-ray spot for the core level measurements is smaller, hence
no such effects are seen in XPS measurements. The work
function of pure «-RuClj is 6.3 eV, in reasonable agreement
with the literature [11]. The obtained values are presented
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FIG. 3. (a) Ru 3d core level overlapping with the C 1s level
measured with Al K« radiation depending on MnPc layer thickness.
(b) The spectra shown in (a) with the clean o-RuCl; spectrum sub-
tracted to reveal the C 1s shape and minor Ru 3d changes as well as
a C 1s spectrum of pure MnPc (black).

in Fig. 2(e) and show a smooth evolution down to 4.6 eV
for 2.5 nm MnPc coverage. The biggest change of 1.2 eV is
observed between clean «-RuCl; and the thinnest coverage of
0.4 nm.

We will now discuss selected core levels that show signs
of a charge transfer towards «-RuCl;. The Ru 3d core level
normalized to the 3ds;, peak is shown in Fig. 3(a) with the
C 1s level overlapping with the Ru 3d3,, peak. Figure 3(b)
presents the same spectra with the pure crystal being sub-
tracted, hence the blue line in Fig. 3(b) corresponds to zero
deviation. The subtracted spectra approximately correspond
to C 1s originating from the MnPc cover and indeed show
the double peak shape around 285 eV, as expected for MnPc
[black curve in Fig. 3(b)]. At 280 eV binding energy, a weak
shoulder to the 3ds,, peak appears in the spectra with MnPc
coverage indicated by arrows in Figs. 3(a) and 3(b). This
feature does not stem from MnPc, as can be seen from the
C 1s spectrum of pure MnPc in Fig. 3(b) showing no intensity
near 280 eV. Rather, it is a small Ru*t contribution due to the
charge transfer at the interface.

The effect on a-RuCls core levels is small because of the
low charge transfer towards a-RuCl; of about 0.081 electrons
per ruthenium. Note that the XPS signal not only contains
information about the top layer, but also a large contribution
from the deeper layers in the bulk not effected by the charge
transfer at the interface explaining the small effects seen in
Fig. 3 compared to the larger effects in Fig. 2.

Therefore, core levels specifically related to MnPc are
more suitable to study interface effects. For the lowest thick-
ness of 0.4 nm almost all molecules will be in contact with
a-RuCl;, whereas at 2.5 nm coverage the signal will be
dominated by molecules away from the interface. The Mn
2p3» core level spectra are shown in Fig. 4(a) with a linear
background subtracted, a shift along the y axis to have equal
intensity at 638 eV, as well as a slight smoothing applied
for better comparison. The overall shape is controlled by an
underlying multiplet structure [42,43] and changes with MnPc
coverage as indicated by the left and right dashed lines mark-
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FIG. 4. (a) Mn 2pj3,, core level with the signal level on the right-
hand side set to the same height, a linear background subtracted, and
a slight smoothing applied. The main component for the 0.4- and
2.5-nm spectra marked by dashed lines proving the charge transfer.
(b) Comparison of the 0.4-nm spectrum with the MnPc charge trans-
fer complex (thin MnPc layer on FsTCNNQ). (c) Comparison of the
2.5-nm spectrum with bulk MnPc on gold (taken from Ref. [42]).

ing the energy position of the main peak component of the
thinnest (642.5 eV) and thickest (641.0 eV) MnPc layer. The
spectra for the lowest and highest MnPc coverage are com-
pared to spectra of the charge transfer (CT) MnPc complex
and pure MnPc in Figs. 4(b) and 4(c), respectively. The CT
complex data were taken from an interface of FTCNNQ with
a 0.1 nm MnPc overlayer (see Ref. [37]). The 0.4 nm spectrum
has an even lower intensity on the low-energy side compared
to the CT complex, possibly indicating that Mn was not fully
oxidized. However, the position of the maximum is nearly
identical, confirming the charge transfer in our experiment.
The Mn 2ps3,, spectra of the 2.5 nm layer agree reasonably
well with the pure MnPc data [42]. Similar behavior of the
Mn 2p3,, spectra was observed for MnPc interfaces with var-
ious materials [36,37,44—47], with the higher-energy position
being interpreted as an oxidation of the Mn central ion and
therefore demonstrating the charge transfer from MnPc to
«-RuCl; here as well.

Finally, Fig. 5 presents the energy scheme for o-RuCls and
MnPc with work function values for both materials, ionization
potential IP for MnPc, as well as electron affinity Egs and

RuCls MnPec
A A A E vac
E Prnpe P
Prucly 5 Pff;v 4.3eV 4.75eV
6.3eV ’
""""" Yoo anani Bt
— MO
e SO
|:X charge HOMO-1
Ee--Y--- ";i 9oV T transfer

FIG. 5. Energy scheme of «-RuCl; and MnPc with work func-
tions ® given for both materials, ionization potential IP for MnPc, as
well as electron affinity Ega and band gap for «-RuCl;.
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band gap given for «-RuCl;. Note that we took the work
function and IP values for bulk MnPc from Ref. [48]. We esti-
mate the electron affinity of «-RuCl; Ega to be about 5.4 eV,
favoring a charge transfer from the MnPc SOMO to «-RuCls.
The value depends heavily on the assumed bare band gap.
While gap values obtained from optical spectroscopy and
electron energy-loss spectroscopy are affected by excitonic
effects, we resort here to the value of Egjge = 1.9 eV evaluated
from the combination of photoemission and inverse photoe-
mission by Sinn et al. [49].

IV. DISCUSSION AND SUMMARY

We expect «-RuCl; to be among the strongest acceptors
available with an electron affinity Ega of 5.4 eV, similar to var-
ious fluorinated organic molecules such as F4sTCNQ (Ega =
5.2eV) [50] or FeTCNNQ (Ega = 5.0-5.6 eV)[51,52]. How-
ever, «-RuCl; can absorb multiple electrons within the area
such a molecule covers, most likely leading to an overall
stronger doping effect as demonstrated with graphene [13,53].

As the amount of electrons transferred towards «-RuClj is,
in our case, mainly determined by the size of the molecule,
choosing smaller or larger organic molecules could be an
interesting approach for controlling doping levels at interfaces
with inorganic compounds.

Changing the valence state of the transition metals due to
charge transfers at interfaces changes the spin state of man-

ganese in MnPc and therefore its magnetic properties. The
ground state of Mn in MnPc is reported as (dxy)l(dﬂ )3 (dzz)l
(the degenerate d., and d,, are denoted as d) [54,55], with
the states near the Fermi level being dominated by d, and dy,
orbitals [56]. Removing an electron due to the charge transfer
may therefore lead to a higher spin state S =2 and yield
higher spin polarization near the Fermi level, advantageous
for applications such as organic spin valves [24]. Applications
in the field of single molecular magnets [57] enhancing the
magnetic properties of a molecule on an «-RuCl; substrate
may be possible as well.

In summary, we have studied the strong acceptorlike be-
havior of «-RuCl; by directly measuring its work function of
6.3 eV, estimating its electron affinity Ega to be about 5.4 eV,
and demonstrating a charge transfer at the interface with the
organic semiconductor manganese(Il) phtalocyanine (MnPc).
The charge transfer is verified by the Mn 2p core level lying
at higher binding energies for thin layers, slight changes in the
Ru 3d line, and the valence band structure showing additional
filling of the Ru 4d orbitals.
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