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Huge magnetically coupled orbital moments of Co porphyrin molecules and their
control by CO adsorption
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Using x-ray magnetic circular dichroism, we show that Co porphyrin molecules adsorbed on graphene-
covered Ni surfaces possess a huge in-plane (IP) orbital magnetic moment of the Co ions, despite their fourfold
coordination, even comparable in size to the spin moment. Both are antiferromagnetically coupled to the Ni
spins, leading to IP magnetization at zero external magnetic field. Adsorption of carbon monoxide on top of the
molecules reduces the Co orbital moment by (77 = 6)%. This is attributed to the change of the crystal field by the
chemical stimulus which determines, together with the spin-orbit coupling (SOC), the orbital moment. Thermal
desorption of the CO fully restores the initial electronic and magnetic properties.
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I. INTRODUCTION

Free transition metal (TM) atoms possess their highest
possible multiplicity and the largest orbital moment (m)
following Hund’s rules. Individual TM atoms on alkali films
still display these physical properties due to the localization
of the 3d states.! However, crystal field (CF) effects as
well as hybridization, a requirement for magnetic coupling,
quench my (Ref. 2) and can also affect the spin state.
Both m; and the spin moment (mg) decrease as the atomic
coordination is increased, passing from adsorbed single atoms?
to magnetically coupled TM atoms inside free*> and adsorbed
clusters,> monoatomic chains,® two-dimensional films,” and
bulk, while generally mg > m, as m is more sensitive to
modifications of the crystal field.* Nevertheless, spin—orbit
coupling (SOC) can recreate an anisotropic m (Ref. 8) where
values of my /mg < 0.08 for TM atoms have been observed in
bulk.” In planar organometallic complexes absolute values of
my, can be as high as 0.53u3 for bulk material'® and 0.20u 3
on metal surfaces.!' The anisotropic m, also determines the
orientation of the magnetic moments of nanostructures at
interfaces'? akin to metallic thin films'? via the SOC.

Metalloporphyrins on ferromagnetic substrates contain
fivefold coordinated TM ions, featuring substrate-induced
magnetic ordering of unpaired spins caused by an exchange
coupling to the substrate,'*!> while a minor orbital moment
contributes to the magnetization, as it is linked via SOC to
my.'* Recently, it has been shown that an antiferromagnetic
(AFM) coupling between Co porphyrin molecules and Ni films
can be established even across graphene.'® The immobilization
of such planar molecules on magnetic surfaces makes them
technologically appealing, as one of the two axial coordination
sites of the central metal ion can still be occupied by an
additional ligand. It has already been demonstrated that the
adsorption of small molecules on top can manipulate the
magnetization of adsorbed metalloporphyrins.'’?? In these
previous studies the magnetic properties have been modified
by a change of the spin moment of the central metal ion or
by a change in the magnetic coupling to a ferromagnetic
substrate, while the contribution of the orbital moment was
negligible.
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Here, we present an angle-, field-, and temperature-
dependent x-ray absorption spectroscopy (XAS) and x-ray
magnetic circular dichroism (XMCD) study of submonolayers
of Co octaethylporphyrin (CoOEP) molecules and CO-CoOEP
carbonyl complexes on a graphene-protected Ni film grown
on a W(110) surface. For both systems the Co ions are
antiferromagnetically coupled to the substrate magnetization.
In the case of CoOEP, a substrate-induced in-plane (IP) aligned
extraordinarily huge Co orbital moment of m; = (0.93 +
0.05) 1 5 contributes to the same extent to the Co magnetization
as the spin moment. The orbital moment reveals an anisotropy
in size of 489%. After dosing carbon monoxide (CO), the
formation of CO-CoOEP carbonyl complexes is concluded
from changes in the Co L,3 XA spectra. Thereby the IP
aligned Co m, reduces by (77 & 6)%, compared to the pristine
state, due to CO-induced modifications of the crystal field. This
demonstrates the possibility to control not only m g, but alsom .
of exchanged-coupled magnetic moments of organometallic
complexes by means of the chemical stimulus CO.

II. EXPERIMENT

X-ray absorption spectrosopy (XAS) measurements were
carried out at the PM-3 and UE46-PGM1 beamlines at the
synchotron radiation source BESSY II in Berlin with energy
resolutions of 300 and 150 meV, respectively, by means of
total electron yield detection. The spectra were normalized
to the total electron yield of a freshly evaporated gold grid
upstream to the experiment at the PM-3 beamline, while at
UE46-PGM1 the drain current from the last refocussing mirror
upstream from the measuring chamber had been used. At
both beamlines the spectra were further normalized to the
corresponding spectra of the clean substrate, and scaled to 1
in the pre-edge energy region. Circularly polarized photons
with 90% and 85% degree of polarization were used at UE46-
PGM1 (Fig. 1) and PM-3 (Fig. 4), respectively. At the PM-3,
samples were prepared and measured in ultrahigh vacuum
with a base pressure of 2.0 x 1071 mbar. At UE46-PGM 1,
the pressures of the experimental station for the sample
preparation and the measurements were 1.0 x 10™° and
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1.0 x 1071° mbar, respectively. Co(Il) 2,3,7,8,12,13,17,18-
octaethylporphyrin (CoOEP) molecules were sublimated on an
ordered graphene layer, prepared by cracking of propylene gas
(C3Hg) on Ni films, which were epitaxially grown by electron-
beam evaporation on a W(110) single crystal surface.>*>* More
details about sample preparation, calibration of the photon
energy, and coverages are published elsewhere.!® Radiation
damage could be excluded from comparison of spectra taken
immediately after sample preparation and at later times.

III. RESULTS AND DISCUSSION

First we focus on the magnetic properties of the adsorbed
CoOEP molecules, and in particular on the contribution of m,
to the Co magnetization. We present in Fig. 1 Co L, 3 helicity-
averaged XA spectra (a) and the corresponding XMCD spectra
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FIG. 1. (Color online) Co L3 helicity-averaged XA spectra
(a) and corresponding XMCD spectra (b) of 0.8 ML CoOEP on
graphene/25 ML Ni/W(110) measured at 4.5 K in a magnetic field
of B =5.9 T. Spectra taken at 25° (pink lines) and 35° (blue dashed
lines) grazing and at normal (dark lines) incidence are shown. The Co
XA spectra are shifted vertically for clarity. Panels (c) and (d) display
Co L3 XMCD spectra recorded at 35° grazing and normal incidence
at two different field strengths of 2 T (cyan and dashed orange lines)
and 5.9 T, respectively.
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(b) of 0.8 ML (monolayer) CoOEP on graphene/25 ML
Ni/W(110), measured at a temperature of 7 = 4.5 K in an
external magnetic field (Bex) of 5.9 T, applied along the
corresponding x-ray incidence direction. Spectra taken at 25°
(pink lines) and 35° (blue dashed lines) grazing and at 90°
normal (black lines) incidence are shown. DFT calculations
had revealed that the Co ions of the flatly adsorbed molecules
are in a d’ low-spin state, where the energetically highest b,
(dy2_y2) orbital is empty and the a4 (d2) orbital is half filled.'®
The Co XA spectra exhibit a detailed fine structure at the L3
edge. The narrow peak at 777.5 eV and energetically higher-
lying peaks of the Co L3 XA spectra are more pronounced
in the spectra recorded at 25° grazing and normal incidence,
respectively, as expected for excitations into out-of-plane and
in-plane orbitals. Hence, the angular dependence and the
energetic position between the components building up the
L3 edge are in line with the orbital occupation as obtained
from DFT calculations.

The isotropic Co L3 XMCD spectrum, measured at the
magic angle of 35° grazing incidence, has a main peak
at 777.8 eV and at higher energies two local maxima at
779.3 and 780.8 eV. The former is more prominent at 25°
grazing incidence, the latter two at normal incidence, at which
zero-crossings lead to a fine structure with a double dip shape.
The isotropic Co and Ni L3 XMCD signals, the latter shown
in the inset of Fig. 1(b), have different signs, which proves
an antiferromagnetic coupling between the magnetization of
the substrate and the spins of the Co ions that is stronger
than the Zeemann interaction. The external magnetic field
forces the Ni magnetization along the x-ray incidence direction
(see Supplemental Material, Fig. S1),> and the antiferromag-
netically coupled Co moments align accordingly. The Co L 3
XMCD line shape is rather exceptional, featuring several zero
crossings at normal incidence.

Figures 1(c) and 1(d) compare Co L3 XMCD spectra, which
were recorded at 35° grazing incidence and normal incidence,
respectively, in an external magnetic field of 2 T (full cyan
and dashed orange lines) and 5.9 T at 4.5 K. Apparently, the
XMCD signals match each other in size at normal but not
at grazing incidence, which shows that in the former case
the Co magnetization is identically aligned at the two field
strengths. At both detection angles, Ni L, 3 XMCD spectra
(see Supplemental Material, Fig. S1)* reveal a virtually
fully aligned substrate magnetization, regardless whether a
magnetic field of 2 or 5.9 T is applied. Consequently, the
counteraction of the applied magnetic field against the AFM
coupling between the magnetization of the Ni films and the Co
spins is big enough at 5.9 T to reduce the Co magnetization at
grazing incidence by (17 &= 2)%. Both an in-plane easy axis,
as suggested by the anisotropy of m and reported for a similar
system,’® as well as the different Zeeman energies would lead
to the opposite behavior. Hence, our finding must be explained
by an orbitally-dependent exchange interaction between the
Co and Ni spins that is magnetically anisotropic.”’ This has
already been observed for single molecular spins on magnetic
surfaces.”®%

Referring to the line shape of the angle-dependent Co
XAS and XMCD spectra, a comparison to results from CoPc
bulk measurements®’ lets us conclude that the SOC mixes
the ground state and the first excited state of the electronic
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structure of the Co ions. This results in a nonvanishing hole
density at the e, orbital and a more than half filled a,, orbital,
and thus creates an IP m .8

The orbital and spin moments can be quantified by applying
the XMCD sum rules®!* to the angle-dependent Co XMCD
spectra presented in Figs. 1(a) and 1(b). Thereby three holes
within the Co 3d orbitals are assumed, the reduction of the
Co magnetization by the applied magnetic field is taken into
account, and the integrated helicity-averaged Co XA spectrum,
taken at 35° grazing incidence, is used as isotropic intensity.
For flatly adsorbed molecules and an angle of incidence «
between the wave vector of the x rays and the surface plane, the
experimentally measured orbital moment is composed of two
angle-dependent components, assuming fourfold rotational
symmetry of the molecules leading to a uniaxial anisotropy

along the surface normal:3?

mp (o) = mj sin (a) + mL COSz(Ol) (1)

where mj and mi are the orbital moments in the z axis and
the average in the x-y plane, respectively. The effective spin
moment contains two contributions, '°

m$ (o) = mg — 7 [misin®(a) + my cos*(@)],  (2)

mr(c)

where m is the spin moment and the term 7m7(«) stands for
the intra-atomic spin dipole moment. The latter originates from
an anisotropic spatial distribution of the spin density, where
(m’ + 2m7y") = 0. The magnetic moments evaluated from the
sum rules are presented in Fig. 2 as a function of «, combined
with fits to these results following Eqgs. (1) and (2). For
measurements taken at the magic angle, m§(35°) = —(1.00 £
0.07)up is obtained, as expected for an S = 1/2 system in
saturation. A value ofmeff(ZS") = —(1.37 £ 0.10)u g and even
an opposite sign for meff(90°) = +(0.34 + 0.05)u are eval-
uated. This is explained by an extraordinarily large anisotropy
of the intra-atomic dipolar contribution within this low-
symmetry system. The fit shown in Fig. 2 yields m7(90°) =
—(0.20 £ 0.05)pup, which is an unusually big value, and
mg = —(1.03 £ 0.07)15. The observed sign reversal of m$"
is consistent with an unpaired hole in the d_> orbital.?? Also
the orbital moment exhibits a pronounced angular dependence.
The experimentally determined out-of-plane orbital moment
m; = —(0.19 £0.05)up is much smaller than the ones
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FIG. 2. (Color online) Angle dependence of the experimental
expectation values of the orbital magnetic moment m;, (squares) and
the effective spin moment m&" (circles), shown together with fits
following Egs. (1) (blue line) and (2) (red line).
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FIG. 3. (Color online) Co L, ; XA spectra of 0.9 ML CoOEP on
graphene/21 ML Ni/W(110) measured with p-linearly polarized light
at an angle of 20° (a) and 90° (b) between the X-ray wavevector and
the surface. For both subfigures, the spectra are shown for the sample
in the pristine state (continuous dark line), recorded at 165 K, after
dosing with 90 L of CO (continuous red line), measured at 40 K, and
after the desorption of CO (yellow dashed lines), recorded again at
165 K. The spectra after dosing are vertically offset for clarity.

measured at grazing incidence: m (35°) = —(0.69 + 0.06) 5
and m(25°) = —(0.80 = 0.07)ug. Remarkably, the extrap-
olated in-plane orbital moment m,” even reaches —(0.93 %
0.10)pe g, which means an exceptionally large orbital moment
anisotropy of 489%. Hence, we observe the highest ever found
ratiom,;” /ms = 0.90in 3d complexes and compounds, despite
the hybridization of the Co orbitals, which is necessary for the
magnetic coupling between the Co orbital moments and the
Ni magnetization.

To manipulate the crystal field splitting, which, together
with the SOC determines the size of mj, we attach and
detach CO to the Co ions as an additional axial ligand. 90 L
of CO (1 L = 107® mbar s) were dosed to the sample at
40-50 K. Desorption of the CO molecules was achieved by a
subsequent annealing of the sample to 165 K. Angle-dependent
XA measurements at the Co L 3 edges prove that the changes
to the electronic structure and in particular the crystal field of
the Co ions are fully reversible. Figure 3 compares Co L;3
x-ray absorption spectra of 0.9 ML CoOEP on graphene/21
ML Ni/W(110) taken with p-linearly polarized light at 165 K
(continuous dark lines), after dosing 90 L of CO, recorded
at 40 K (continuous red lines), and after thermal desorption
of CO, measured again at 165 K (yellow dashed lines).
XA spectra recorded at 20° grazing incidence (a) and at
normal incidence (b) are shown, where those of the pristine
sample exhibit a qualitatively identical line shape to the
helicity-averaged XA spectra taken with circular polarization
presented in Fig. 1(a). Unambiguously, line-shape changes are
found at both detection angles after dosing CO, which reveal a
formation of CO-CoOEP carbonyl complexes on the surface.
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A comparison of the spectral intensity at around 777.5 eV of
the Co L3 XA spectrarecorded at 20° grazing incidence before
and after dosing with CO shows that a dosage of 90 L CO is
sufficient to coordinate more than 90% of the Co ions by a
CO molecule, if not all. The restoration of the original line
shape at the two measurement geometries after annealing the
sample to 165 K reveals a subsequent thermal detachment of
the CO from the Co ions, demonstrating the full reversibility
of the process. By making use of the charge sum rule*® and
comparing the results before and after CO uptake, an increase
of (6 & 3)% for grazing incidence and a decrease of (5 £ 3)%
for normal incidence of the integrated intensity of the white
lines are obtained, respectively. This shows that after dosing
CO a small amount of electron density is withdrawn from
out-of-plane orbitals and augmented at in-plane orbitals. These
findings are consistent with CO acting as an additional axial
o-acceptor and m-donor ligand. Additionally, a shift to higher
photon energies of the Co L3 XAS edge after CO attachment
is detected for measurements at grazing incidence, while no
significant influence on the energetic position is observed at
normal incidence. As a result, the linear dichroism for the
CO-CoOEP complexes is reduced. This is in accordance with
a coordination of CO to the Co ions, which modifies the rather
square planar shape of the crystal field (D4, symmetry) to a
more tetragonally acentrically distorted one (Cy, symmetry).**
Such a change pushes the Co 3d states with out-of-plane charge
distribution e, and a;, to higher energies. The branching
ratio, defined as the ratio between the integrated XA white
line intensity of the L3 edge and the sum of the L3 and
L, edges, decreases for the carbonyl complexes for grazing
incidence from 0.80 = 0.03 to 0.69 £ 0.03, but stays constant
for normal incidence (0.68 £ 0.03 vs 0.67 &= 0.03). Assuming
a negligible electrostatic interaction between core hole and
valence electrons, the deviation of the branching ratio from the
statistic value of 2/3 is proportional to the angle-dependent
part of the spin-orbit operator.> The anisotropic branching
ratio before CO uptake fits well to the above-mentioned large
and anisotropic orbital moment caused by an angle-dependent
spin-orbit interaction.’®3” In contrast, the rather isotropic
branching ratio of the CO-CoOEP carbonyl complexes points
towards a smaller influence of the spin-orbit coupling on the
electronic properties of the Co ions.

In order to work out the influence of dosing with CO on
the magnetic properties of the Co ions, Fig. 4 shows Co Lj 3
XA helicity-averaged spectra (a) of 0.9 ML CoOEP (dark
green lines) and CO-CoOEP (red lines) on graphene/21 ML
Ni/W(110), recorded at 20° grazing incidence, and the corre-
sponding XMCD spectra (b). Measurements in remanence of
the Ni film with its IP easy axis along the (110) direction,”*
where the Co magnetization is aligned correspondingly, enable
the recording of the I[P Co XMCD at zero magnetic fields.
They are taken at 125 and 40 K, before and after dosing CO,
respectively. For reasons of comparability, in the former case
the Co XMCD signal is scaled up by a factor of 4 to its
expected size at 40 K, estimated from literature.'® The line
shape of the XA and XMCD spectra of the pristine sample are
in qualitative agreement with the respective spectra presented
inFig. | and are clearly different compared to the ones obtained
after dosing, which shows that CO and CoOEP molecules form
stable complexes. Integrating the two Co XA spectra, which
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FIG. 4. (Color online) Co L,3 XA helicity-averaged spectra
(a) of 0.9 ML CoOEP (dark grey lines), taken at 125 K, and
CO-CoOEP (red lines), measured at 40 K, on graphene/21 ML
Ni/W(110), and the corresponding XMCD spectra (b) recorded at 20°
grazing incidence and in remanence of the Ni film. Insets: (a) M°(T)
and MN(T) derived from integrated XMCD signals of CO-CoOEP
(circles and squares, respectively) and presented together with the
respective calculated progression (see text). (b) Ni L3 XMCD
spectra taken at 125 K and before dosing CO.

are measured 15° off the magic angle, reveals a CO-induced
rise of (2 £ 3)% of the white line intensity. According to this
small enlargement, which is zero within the error bar, as well
as the CO influence on the white line intensity for different
measurement conditions (see Supplemental Material, Fig. S2),
we conclude from the charge sum rule® that CO adsorption
does not alter the oxidation state of the Co ions.

The almost vanishing IP Co XMCD at the L, edge before
dosing CO, compared to the big intensity at the L3 edge,
reflects the huge Co in-plane orbital moment of the adsorbed
CoOEP molecules. A nondisappearing Co XMCD signal
for the CO-CoOEP complexes demonstrates the existence
of a magnetic moment on the Co site, and simultaneously
a magnetic coupling between these magnetic moments and
the Ni magnetization. The most prominent changes of the Co
XMCD spectrum upon CO uptake are a shift to higher photon
energies at the L3 edge, accompanied by a modification of the
line shape, which now exhibits a main maxima at 778.9 eV
and two local maxima at 778.0 and 782.1 eV. The remarkable
increase of the XMCD at the Co L, edge after dosing CO
indicates a strongly reduced IP orbital moment. By utilizing
the sum rules,3'32 lower limits of the absolute values of the IP
orbital moment of (0.11 £ 0.02)  as well as of the effective
spin moment of (0.75 £ 0.05)up are evaluated in the case of
the CO-CoOEP complexes.

For a determination of the saturated magnetic moments
after CO attachment, we study the temperature progres-
sion of the Co and Ni L3 edge XMCD signals of CO-
CoOEP/graphene/Ni and show the deduced relative Co and Ni
magnetizations [M,CO(T) and M}\“(T)] versus temperature in
the inset of Fig. 4(a) together with their theoretical temperature
progression. M<°(T) is reproduced by a Brillouin function
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Bj(Eex/kpT) with temperature T, Boltzmann constant kg,
E = (1.4 £0.5) meV, and J = 0.5, including the coupling
to the magnetic substrate by an effective magnetic field:*®
ME(T) = MN(T)B (o). MN(T) is represented by a (1 —
T/T¢)? law, with a critical exponent 8 =0.365 and a
Curie temperature of Tc = 630 K.** Extrapolated values of
—(0.21 £0.05)up and —(1.43 £ 0.04)u are found for m;”
and mS$(0°), respectively. This reveals the reduction of m;”
upon CO uptake by (77 +6)%. The value for m$'(0°) is
consistent with a spin state S = 1/2, as expected for Co
porphyrins,*® and 7m7(0°) = (0.43 £ 0.04)u 5.

The explanation for the reduced Co IP orbital moment upon
CO uptake comes from the modified Co electronic structure.
In the pristine state, the e, and a;, states are energetically
almost degenerate in the CoOEP molecules adsorbed on the
substrate, which allows for substantial mixing. A new state
with an anisotropic orbital momentum is formed and a huge
in-plane orbital moment is created.® Within the CO-CoOEP
complexes, the degeneracy is lifted: The CO molecules bind
axially to the Co ions, such that they push up the a;, state
more effectively in energy than the e, state.!>** Treating the
recreated IP orbital moment as a second-order perturbation
effect, it is inversely proportional to the energetic separation
between the two states, which is bigger for the CO-CoOEP
complexes. Consequently m),” may reduce upon CO uptake.
An alternative explanation that we can not exclude could be
a CO-induced reorganization of the Co 3d orbital occupation,
which might also lead to a reduced size of m}”.
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IV. CONCLUSION

We have shown that the Co spin and orbital moments
of CoOEP adsorbed on graphene-covered Ni films, being
—(1.03+£0.07)up and —(0.93 +0.05)up for an IP aligned
Co magnetization, respectively, are anisotropically exchange
coupled to the Ni spins in an AFM fashion. Despite the
hybridization of Co 3d with molecular states, which enables
the alignment of the Co orbital moments by the magnetic
exchange interaction,'® m;” and mg are of similar magnitude.
The Co orbital moment, recreated by SOC, reveals a giant
anisotropy in size of 489%. The spin density is highly
anisotropic, too, reflecting the out-of-plane density of unpaired
holes at the Co side. By adsorbing and thermally removing
CO to the CoOEP molecules, the electronic structure of the
Co ions can be controlled in a reversible manner, while neither
the oxidation state nor the substrate-induced magnetic order
are changed. The attachment of CO modifies the CF of the
Co ions, which, together with the SOC, determines the size
of m}”. CO adsorption reduces m," by (77 £ 6)% and thus
shows that it is possible to change the magnetization within an
exchange-coupled system of metalloporphyrins adsorbed on
surfaces not only by varying m g, but also by modifying m .
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