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Abstract

The magnetic and electronic properties of single-molecule magnets are studied by X-ray absorption spectroscopy and X-ray
magnetic circular dichroism. We study the magnetic coupling of ultrathin Co and Ni films that are epitaxially grown onto a Cu(100)
substrate, to an in situ deposited submonolayer of TbPc, molecules. Because of the element specificity of the X-ray absorption
spectroscopy we are able to individually determine the field dependence of the magnetization of the Tb ions and the Ni or Co film.
On both substrates the TbPcy molecules couple antiferromagnetically to the ferromagnetic films, which is possibly due to a super-
exchange interaction via the phthalocyanine ligand that contacts the magnetic surface.
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Introduction

Molecular spintronic devices as building blocks for future appli-
cations in information technology may be a big improvement
and lead to higher efficiency [1-9]. Therefore several groups
have studied the properties of potential organic molecules inten-
sively over the past few years. Single-molecule magnets
(SMMs) meet the requirements because of their magnetic rema-
nence at low temperature without the need for long-range
ordering. While most of the well-known SMMs consist of
several interacting metal ions [10-13], bis(phthalocyaninato)
terbium(I1) (TbPc;) has only one rare-earth ion, coordinated by
two organic phthalocyanine ligands consisting of nitrogen,
carbon and hydrogen atoms (Figure 1a). The SMM properties
arise simply from the single ion anisotropy of the Tb ion ex-
hibiting a total angular momentum of J = 6 [14]. The crucial
point with regards to the applicability of magnetic molecules for
industrial usage is the control of the magnetic properties. Mn-
and Fe-porphyrin molecules were successfully coupled to ferro-
magnetic thin films, leading to the alignment of the magnetic
moments of the metal ions parallel to the film [15-17] or
antiparallel due to an interlayer of oxygen [18,19]. Recently, it
was shown that TbPc, molecules can be magnetically coupled
to a ferromagnetic Ni substrate [20]. The magnetic anisotropy
and field dependence were also studied for TbPcj in a
submonolayer on Cu(100) [21] and on antiferromagnetic
substrates [22]. Spin quantum tunnelling at zero magnetic field
leads to vanishing magnetization of the molecules, showing
typical butterfly hysteresis [23-25]. Only at very low tempera-
tures below 4 K is the relaxation slow enough for observation of
magnetic remanence [26]. Here we demonstrate that it is
possible to block this relaxation and conserve the magnetiza-
tion without any external field by coupling the molecules to a
ferromagnetic substrate. By X-ray absorption spectroscopy and
X-ray magnetic circular dichroism we study the electronic and
magnetic properties of a submonolayer coverage of TbPcy mol-
ecules on ultrathin Co and Ni films, focusing on the magnetic
coupling between the substrate and the molecules.

Cobalt/Nickel

Cu(100)

Figure 1: (a) The TbPc, molecule, consisting of two parallel phthalo-
cyanine planes with the Tb ion centred in between and (b) a schematic
illustration of the sample studied.
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Results and Discussion
X-ray absorption spectroscopy of TbPc, mol-

ecules

Figure 2 shows spectra of circularly polarized (top) and linearly
polarized X-rays (bottom) and the corresponding circular or
linear dichroism at the Tb My 5 absorption edges of TbPc; on
Cu(100). The XMCD signal has the shape typical for a Tb3"
ion, in agreement with what has been already reported for this
molecule [20,21,24,25]. The high XMCD intensity at the Ms
edge and the low intensity at the My edge indicate the large
orbital moment of the Tb ion [27,28]. From the X-ray linear
dichroism (XLD) at 45° X-ray incidence, one can deduce the
orientation of the molecules. The typical shape at the M5 edge,
with the sign changing from negative to positive, indicates that
the molecules lie flat, with the phthalocyanine planes parallel to
the surface, as expected for the submonolayer coverage [25].
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Figure 2: X-ray absorption spectra of the Tb My 5 edges for a
submonolayer TbPcy/Cu(100), measured at T2 10 Kand B=6 T. The
top shows the spectra for circularly polarized X-rays (black and red)
and the p* — p~ = XMCD signal (blue) at perpendicular photon inci-
dence (0°). The bottom figure shows the linearly polarized absorption
spectra for an incidence angle of 45°. The red line corresponds to
vertical polarization, where the electric field vector is parallel to the
sample plane. The black line corresponds to horizontal polarization
with an angle of 45° between the electric field vector and the sample
surface. The blue line is the difference, i.e., the py — py = XLD signal.
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Magnetic coupling on a Ni surface

The 15 ML thick Ni film has a well-defined easy magnetic axis
perpendicular to the plane [29] and the TbPc, molecule is
known for its large magnetic anisotropy with the easy axis of
magnetization perpendicular to the phthalocyanine plane [21].
Thus, the easy axis of the molecules is parallel to the one of the
underlying Ni film. From the field-dependent XMCD at both Tb
Mj and Ni L3 absorption edges presented in Figure 3, the influ-
ence of the Ni film on the magnetization of the molecules is
visible. While the magnetic moments of Tb align parallel to the
external magnetic field when the field is strong enough, they
align antiparallel in a small magnetic field. This antiparallel
alignment is caused by the magnetic coupling to the Ni sub-
strate. At the top of Figure 3 one is able to identify the coupling
by the magnetization sign changes. The signal crosses zero
three times, twice when the exchange field and the external field
cancel out each other and once when the Ni magnetization
crosses zero. In the image below the coupling is even more
visible. In this very small region around zero, one can see the
remanence of the Ni substrate. For the Tb signal there is rema-
nence as well, but with the opposite sign. The magnetization
direction for Ni and Tb switch exactly at the same external field
of about £0.01 T, demonstrating the interaction between the
molecules and the Ni film. Please note that the connecting lines
for the Ni data in the upper picture of Figure 3 do not represent
the Ni hysteresis curve, because of the low density of magnetic
field steps. A more precise representation of the Ni hysteresis
and the corresponding coercive field can be seen in the lower
figure. Since the identical system was investigated by Lodi
Rizzini et al. [20], it is remarkable that we obtain a significant
difference in the exchange field and the amplitude of the
antiparallel signal at the Tb M5 edge, probably as a result of a
weaker coupling. However, the main issue of the present manu-
script is the demonstration of an antiferromagnetic coupling of
rare-earth—Pc, molecules to ferromagnetic substrates. The quan-
titative analysis of the antiferromagnetic coupling strength goes
beyond the scope of this manuscript. This can be achieved by
experimental investigation by means of a detailed temperature-
dependent XMCD study together with comparison to ab initio
calculations, e.g., by utilizing density functional theory (DFT).

Magnetic coupling on a Co substrate

The important difference between the Co and the Ni substrate is
the orientation of the magnetic easy axis that is parallel to the
surface for the 10 ML thick Co film [30]. The magnetic
coupling between the Co substrate and the molecule is there-
fore only between the out-of-plane component of the Co
magnetization. The parallel component cannot polarize the mol-
ecules because of their large magnetic anisotropy [20]. The top
graph of Figure 4 shows the magnetic signal of Tb in an
external field between —6 T and 6 T. The shape is dominated by
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Figure 3: Element-specific field-dependent magnetization for the
sample TbPcy/Ni/Cu(100). The blue line is the magnetization curve at
the maximum XMCD intensity of the Ni L3 edge (852.5 eV), the black
line is at the Tb M5 edge (1235.4 eV). The top figure shows the curves
from =1 T to 1 T and the bottom figure presents a zoom between
-0.04 T and 0.04 T. The measurements were performed at T =8 K
under normal X-ray incidence (0°).

a paramagnetic signal that one would expect for a free mole-
cule at a temperature of 7 = 10 K. But close to zero field the
superposition of a second contribution becomes visible. In order
to highlight the contribution, we subtracted the magnetization
signal expected for the free molecule, which is simply a linear
background at this temperature. The outcome is the lower graph
of Figure 4. Compared to the Co magnetization curve (red line),
one can see the antiparallel signal of the Tb magnetization. This
antiferromagnetic contribution is very small compared to the
dominating paramagnetic signal, because the Co magnetization
direction is not in the direction of the molecular easy axis. If a
very large coupling strength between the molecules and the Co
substrate exceeds the magnetic anisotropy barrier, the magnetic
moment of Tb could be forced in the plane. However, because
of the large magnetic anisotropy barrier of the TbPc, molecules
of 73 meV [20,31], we expect the magnetic moment of the Tb
ions not to be forced to the in-plane direction by the Co magne-
tization since the coupling energies presented in [20] are in the
regime of 1 meV. Nevertheless, this needs to be demonstrated,

e.g., by angle-dependent measurements. In addition, the calcu-
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lated coupling strength compared to the anisotropy energy
would answer this question. But as mentioned above, this goes
beyond the scope of this manuscript. Another reason for a
smaller antiferromagnetic coupling strength may be the higher
temperature for the measurements on Co (T > 10 K) than on Ni
(8 K). This temperature difference may cause changes in the
field dependence of the XMCD, because a significant tempera-

ture dependence of the magnetic coupling is expected [20].

—_
m . . . .
=
c 0=0°
S 002 T210K
-]
[
s
>
o
5 0.00
o 'I',I
i) i
£ -
a 02} Y _
3] e
=
x . . L .
o 6 4 2 0 2 4 6
'—
_ 2
T T T T T c
-‘g 10F T Do wnnrd ]50x10° 3
> N a 3
. T:10K N £
2 sl . ” lasa0® T
E . .llI{ X\:}. /< .'.yl OX E
e i, \. o g
® 00 AL 0.0 o
& :\ . o
< .\\/ . LI =
- c A =N . g
8 05} 0 LR \ /)4 1-2.5x10° ¢
- Rl o
5 o \. %)
10| amene 1- * =
5 : , ‘ , , L 1-50x10° =
o 15 40 05 00 05 1.0 15 o
' =

Figure 4: Magnetization curves for the sample TbPc,/Ni/Cu(100). The
top figure shows the magnetization curve at the maximum of the M5
edge of Tb (1235.4 eV) from -6 T to 6 T. In the bottom figure one can
see the magnetization curve at the maximum of the L3 edge of the Co
XMCD signal (778 eV) (red line) and the Tb M5 curve after subtraction
of a linear signal (black curve). The measurements were performed at
perpendicular X-ray incidence at T = 10 K.

Conclusion

We have shown that the magnetic moments of TbPc, mol-
ecules can be ordered by coupling to a ferromagnetic substrate.
At a temperature of 8 K it is possible to get a remanent magneti-
zation, originating from an antiferromagnetic coupling to the Ni
substrate. We observe an antiferromagnetic coupling also on the
Co substrate, whose magnetic easy axis is in the plane and thus
perpendicular to the one of the terbium(III) total angular
momentum of J = 6. This antiferromagnetic contribution is
much smaller than on the Ni film, partially due to the higher
measuring temperature, but primarily because of the large
magnetic anisotropy of the molecule. Therefore the magnetiza-

tion curve is dominated by the paramagnetic signal.
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Experimental

The samples were prepared in situ at a base pressure of
10719 mbar directly before the measurements. By cycles of Ar*
bombardment and annealing the Cu(100) surface was cleaned.
Afterwards the ferromagnetic films were grown epitaxially via
electron beam evaporation. The 10 ML thick Co film was
produced with a rate of 0.5 ML/min and the 15 ML thick Ni
film with a rate of 0.3 ML/min. The TbPc, molecules were ther-
mally evaporated at a temperature of about 400 °C from a
Knudsen cell onto the substrate held at room temperature.

The XAS measurements of the system TbPc,/Co/Cu(100) were
performed in magnetic fields up to 6 T at the DEIMOS beam-
line at the synchrotron SOLEIL, the XAS measurements of the
system TbPcy/Ni/Cu(100) in a magnetic field up to 4 T at the
ID08 beamline at the ESRF. The lowest possible temperature
was reached by cooling with liquid helium (7' = 4 K), while the
real temperature at the sample was limited by the quality of the
thermal contact, leading to temperatures above 4 K. In detail we
were able to measure at 7~ 8 K at the ESRF and 7> 10 K at
SOLEIL, although the temperature at the sample holder was
4 K.

To determine the thermal stability of TbPc,, the sample was
exposed to high-temperature sublimation under high vacuum in
the sublimation apparatus consisting of a tube flask dipped into
a heating mantle and a condenser. This method is carried out by
heating 80 mg of the crude solid, while simultaneously evacu-
ating the system. Upon reaching 400—420 °C at the bottom of
the round flask and at a standard pressure in the system of about
2.8:1072 mbar, the sublimate appears on the cooled condenser.
After 40 min about half of the crude solid was collected on the
condenser. Both the sublimate and the residual molecules in the
tube flask were exposed to mass-spectrometric and spectro-
scopic analysis as was the rest of the sample from a Knudsen
cell. MALDI-TOF and UV-vis spectra did not reveal any
difference compared to the initial sample. The presence of a
binuclear complex (Tb,Pc3) in the MALDI-TOF spectrum as an
evidence of thermal degradation was detected only in the rest of
the sample in the tube flask after exposure to more than 450 °C
for not less than 30 min. This allows us to assert that sublima-
tion at 400 °C leaves the molecules unaffected.

Acknowledgements

One part of the experiments was performed on the DEIMOS
beamline at SOLEIL Synchrotron, France (proposal number
20120073). We are grateful to the SOLEIL staff for smoothly
running the facility. We also acknowledge the European
Synchrotron Radiation Facility for financial support (Project
HE 3739) and we would like to thank the beamline staff for
assistance in using beamline ID0S. This work was partially

323



supported also by the MIUR Project PRIN Contract No.
20105ZZTSE

References

1. Rocha, A. R.; Garcia-Suarez, V. M.; Bailey, S. W.; Lambert, C. J,;
Ferrer, J.; Sanvito, S. Nat. Mater. 2005, 4, 335-339.
doi:10.1038/nmat1349

2. Bogani, L.; Wernsdorfer, W. Nat. Mater. 2008, 7, 179-186.
doi:10.1038/nmat2133

3. Gambardella, P.; Stepanow, S.; Dmitriev, A.; Honolka, J.;
de Groot, F. M. F.; Lingenfelder, M.; Sen Gupta, S.; Sarma, D. D;
Bencok, P.; Stanescu, S.; Clair, S.; Pons, S.; Lin, N.; Seitsonen, A. P_;
Brune, H.; Barth, J. V.; Kern, K. Nat. Mater. 2009, 8, 189-193.
doi:10.1038/nmat2376

4. Mannini, M.; Pineider, F.; Sainctavit, P.; Danieli, C.; Otero, E.;
Sciancalepore, C.; Talarico, A. M.; Arrio, M.-A.; Cornia, A.;
Gatteschi, D.; Sessoli, R. Nat. Mater. 2009, 8, 194-197.
doi:10.1038/nmat2374

5. Urdampiletta, M.; Klyatskaya, S.; Cleuziou, J.-P.; Ruben, M.;
Wernsdorfer, W. Nat. Mater. 2011, 10, 502—-506.
doi:10.1038/nmat3050

6. Candini, A.; Klyatskaya, S.; Ruben, M.; Wernsdorfer, W.; Affronte, M.
Nano Lett. 2011, 11, 2634-2639. doi:10.1021/n12006142

7. Vincent, R.; Klyatskaya, S.; Ruben, M.; Wernsdorfer, W.; Balestro, F.
Nature 2012, 488, 357-360. doi:10.1038/nature11341

8. Schwobel, J.; Fu, Y.; Brede, J.; Dilullo, A.; Hoffmann, G.;

Klyatskaya, S.; Ruben, M.; Wiesendanger, R. Nat. Commun. 2012, 3,
953. doi:10.1038/ncomms 1953

9. Ganzhorn, M.; Klyatskaya, S.; Ruben, M.; Wernsdorfer, W.

Nat. Nanotechnol. 2013, 8, 165—169. doi:10.1038/NNANO.2012.258

10. Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, M. A. Nature 1993,
365, 141-143. doi:10.1038/365141a0

11. Christou, G.; Gatteschi, D.; Hendrickson, D. N.; Sessoli, R. MRS Bull.
2000, 25, 66—71. doi:10.1557/mrs2000.226

12. Gatteschi, D.; Sessoli, R. Angew. Chem., Int. Ed. 2003, 42, 268-297.
doi:10.1002/anie.200390099

13. Wernsdorfer, W.; Aliaga-Alcalde, N.; Hendrickson, D. N.; Christou, G.
Nature (London) 2002, 416, 406—409. doi:10.1038/416406a

14.Rinehard, J. D.; Long, J. R. Chem. Sci. 2011, 2, 2078-2085.
doi:10.1039/c1sc00513h

15. Scheybal, A.; Ramsvik, T.; Bertschinger, R.; Putero, M.; Nolting, F.;
Jung, T. A. Chem. Phys. Lett. 2005, 411, 214-220.
doi:10.1016/j.cplett.2005.06.017

16.Wende, H.; Bernien, M.; Luo, J.; Sorg, C.; Ponpandian, N.; Kurde, J.;
Miguel, J.; Piantek, M.; Xu, X.; Eckhold, P.; Kuch, W.; Baberschke, K,;
Panchmatia, P. M.; Sanyal, B.; Oppeneer, P. M.; Eriksson, O.

Nat. Mater. 2007, 6, 516—520. doi:10.1038/nmat1932

17.Bernien, M.; Xu, X.; Miguel, J.; Piantek, M.; Eckhold, P.; Luo, J.;
Kurde, J.; Kuch, W.; Baberschke, K.; Wende, H.; Srivastava, P.
Phys. Rev. B 2007, 76, 214406. doi:10.1103/PhysRevB.76.214406

18.Bernien, M.; Miguel, J.; Weis, C.; Ali, M. E.; Kurde, J.; Krumme, B.;
Panchmatia, P. M.; Sanyal, B.; Piantek, M.; Srivastava, P.;
Baberschke, K.; Oppeneer, P. M.; Eriksson, O.; Kuch, W.; Wende, H.
Phys. Rev. Lett. 2009, 102, 047202.
doi:10.1103/PhysRevLett.102.047202

19. Chylarecka, D.; Wackerlin, C.; Kim, T. K.; Mller, K.; Nolting, F.;
Kleibert, A.; Ballav, N.; Jung, T. A. J. Phys. Chem. Lett. 2010, 1,
1408-1413. doi:10.1021/jz100253c

Beilstein J. Nanotechnol. 2013, 4, 320-324.

20. Lodi Rizzini, A.; Krull, C.; Balashov, T.; Kavich, J. J.; Mugarza, A;
Miedema, P. S.; Thakur, P. K.; Sessi, V.; Klyatskaya, S.; Ruben, M.;
Stepanow, S.; Gambardella, P. Phys. Rev. Lett. 2011, 107, 177205.
doi:10.1103/PhysRevLett.107.177205

21. Stepanow, S.; Honolka, J.; Gambardella, P.; Vitali, L.;
Abdurakhmanova, N.; Tseng, T.-C.; Rauschenbach, S.; Tait, S. L.;
Sessi, V.; Klyatskaya, S.; Ruben, M.; Kern, K. J. Am. Chem. Soc. 2010,
132, 11900-11901. doi:10.1021/ja105124r

22.Lodi Rizzini, A.; Krull, C.; Balashov, T.; Mugarza, A.; Nistor, C.;
Yakhou, F.; Sessi, V.; Klyatskaya, S.; Ruben, M.; Stepanow, S.;
Gambardella, P. Nano Lett. 2012, 12, 5703-5707.
doi:10.1021/n1302918d

23. Gonidec, M.; Davies, E. S.; McMaster, J.; Amabilino, D. B.; Veciana, J.
J. Am. Chem. Soc. 2010, 132, 1756—1757. doi:10.1021/ja9095895

24.Gonidec, M.; Biagi, R.; Corradini, V.; Moro, F.; De Renzi, V.;
del Pennino, U.; Summa, D.; Muccioli, L.; Zannoni, C.;

Amabilino, D. B.; Veciana, J. J. Am. Chem. Soc. 2011, 133,
6603-6612. doi:10.1021/ja109296¢c

25. Margheriti, L.; Chiappe, D.; Mannini, M.; Car, P.-E.; Sainctavit, P.;
Arrio, M.-A.; Buatier de Mongeot, F.; Cezar, J. C.; Piras, F. M.;
Magnani, A.; Otero, E.; Caneschi, A.; Sessoli, R. Adv. Mater. 2010, 22,
5488-5493. doi:10.1002/adma.201003275

26. Ishikawa, N.; Sugita, M.; Wernsdorfer, W. Angew. Chem., Int. Ed.
2005, 44, 2931-2935. doi:10.1002/anie.200462638

27.Thole, B. T.; Carra, P.; Sette, F.; van der Laan, G. Phys. Rev. Lett.
1992, 68, 1943—-1946. doi:10.1103/PhysRevLett.68.1943

28.Carra, P.; Thole, B. T.; Altarelli, M.; Wang, X. Phys. Rev. Lett. 1993,
70, 694-697. doi:10.1103/PhysRevLett.70.694

29.Schulz, B.; Baberschke, K. Phys. Rev. B 1994, 50, 13467—13471.
doi:10.1103/PhysRevB.50.13467

30. Schneider, C. M.; Bressler, P.; Schuster, P.; Kirschner, J.;
de Miguel, J. J.; Miranda, R. Phys. Rev. Lett. 1990, 64, 1059-1062.
doi:10.1103/PhysRevLett.64.1059

31.Ishikawa, N.; Sugita, M.; Okubo, T.; Tanaka, N.; lino, T.; Kaizu, Y.
Inorg. Chem. 2003, 42, 2440-2446. doi:10.1021/ic026295u

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.4.36

324


http://dx.doi.org/10.1038%2Fnmat1349
http://dx.doi.org/10.1038%2Fnmat2133
http://dx.doi.org/10.1038%2Fnmat2376
http://dx.doi.org/10.1038%2Fnmat2374
http://dx.doi.org/10.1038%2Fnmat3050
http://dx.doi.org/10.1021%2Fnl2006142
http://dx.doi.org/10.1038%2Fnature11341
http://dx.doi.org/10.1038%2Fncomms1953
http://dx.doi.org/10.1038%2FNNANO.2012.258
http://dx.doi.org/10.1038%2F365141a0
http://dx.doi.org/10.1557%2Fmrs2000.226
http://dx.doi.org/10.1002%2Fanie.200390099
http://dx.doi.org/10.1038%2F416406a
http://dx.doi.org/10.1039%2Fc1sc00513h
http://dx.doi.org/10.1016%2Fj.cplett.2005.06.017
http://dx.doi.org/10.1038%2Fnmat1932
http://dx.doi.org/10.1103%2FPhysRevB.76.214406
http://dx.doi.org/10.1103%2FPhysRevLett.102.047202
http://dx.doi.org/10.1021%2Fjz100253c
http://dx.doi.org/10.1103%2FPhysRevLett.107.177205
http://dx.doi.org/10.1021%2Fja105124r
http://dx.doi.org/10.1021%2Fnl302918d
http://dx.doi.org/10.1021%2Fja9095895
http://dx.doi.org/10.1021%2Fja109296c
http://dx.doi.org/10.1002%2Fadma.201003275
http://dx.doi.org/10.1002%2Fanie.200462638
http://dx.doi.org/10.1103%2FPhysRevLett.68.1943
http://dx.doi.org/10.1103%2FPhysRevLett.70.694
http://dx.doi.org/10.1103%2FPhysRevB.50.13467
http://dx.doi.org/10.1103%2FPhysRevLett.64.1059
http://dx.doi.org/10.1021%2Fic026295u
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.4.36

	Abstract
	Introduction
	Results and Discussion
	X-ray absorption spectroscopy of TbPc2 molecules
	Magnetic coupling on a Ni surface
	Magnetic coupling on a Co substrate

	Conclusion
	Experimental
	Acknowledgements
	References

