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We investigate the interaction of TbPc2 single molecule magnets (SMMs) with ferromagnetic Ni

substrates. Using element-resolved x-ray magnetic circular dichroism, we show that TbPc2 couples

antiferromagnetically to Ni films through ligand-mediated superexchange. This coupling is strongly

anisotropic and can be manipulated by doping the interface with electron acceptor or donor atoms. We

observe that the relative orientation of the substrate and molecule anisotropy axes critically affects the

SMM magnetic behavior. TbPc2 complexes deposited on perpendicularly magnetized Ni films exhibit

enhanced magnetic remanence compared to SMMs in the bulk. Contrary to paramagnetic molecules

pinned to a ferromagnetic support layer, we find that TbPc2 can be magnetized parallel or antiparallel to

the substrate, opening the possibility to exploit SMMs in spin valve devices.

DOI: 10.1103/PhysRevLett.107.177205 PACS numbers: 75.50.Xx, 33.15.Kr, 75.30.Et, 75.70.�i

In future years the miniaturization of spintronic devices
may require including molecular-scale elements in hybrid
metal-organic architectures [1–4]. Single molecule mag-
nets (SMMs) represent the smallest known bi-stable mag-
netic systems [5], thus making them ideal candidates for
both classical and quantum computing applications [1,6].
Unfortunately, because of the competition between thermal
spin fluctuations and magnetic anisotropy, SMMs display
remanent magnetization only at low temperature. This
occurs as magnetic relaxation becomes slow compared to
the time scale of observations (�), typically below 6 K in
the archetypal Mn12 compound [5,7] and 40 K in mono-
nuclear Tb double-decker complexes (TbPc2) [8,9].
Measurements of TbPc2, however, show that magnetic
hysteresis is absent down to T ¼ 7 K if � is greater than
about 100 s [10–13]. Increasing the magnetic stability of
SMMs independently of temperature is thus one of the
greatest challenges faced by molecular spintronics.

Efforts to slow down magnetic relaxation in SMMs have
so far relied on the synthesis of polynuclear molecules with
a large number of metal ions [14] or on modifying the
ligand field strength in order to raise the magnetic anisot-
ropy energy [15]. These approaches have been moderately
successful. For example, ligand oxidation has been shown
to increase the blocking temperature of TbPc2 by about
10 K [16]. Recently, an alternative strategy has been pro-
posed to stabilize the magnetic moment of paramagnetic
molecules against thermal fluctuations, based on the
deposition of metal-porphyrins and phthalocyanines on

ferromagnetic (FM) films [17–23]. Because of the planar
structure of such molecules and close proximity of the
metal ions to the substrate, the magnetic moment of the
metal centers can efficiently couple to the surface magne-
tization via superexchange and direct exchange paths
[19–22]. Although individual molecules cannot be magne-
tized independently, this approach enables the fabrication
of metal-organic layers with stable magnetization up to
room temperature [18,20,23]. Ultrathin molecular layers
may thus be used to fabricate FM heterostructures or
magnetochemical sensors [23].
In this Letter, we investigate the coupling between

SMMs and FM substrates. We focus on TbPc2 owing to
its compact structure, which constitutes an advantage to
establish an exchange path between the magnetic core of
the molecule and the ferromagnet. We choose Ni layers for
the substrate, as the direction of the easy axis can be
controlled through epitaxial strain without changing the
chemical composition of the SMM/FM interface. Using x-
ray magnetic circular dichroism (XMCD), we show that
TbPc2 SMMs couple antiferromagnetically (AFM) to a FM
metal. We determine the magnitude of the exchange cou-
pling constants and show how these can be enhanced
(reduced) by increasing (decreasing) the amount of charge
transferred from the surface to the molecules. Our results
evidence the competition between the SMM and substrate
magnetic anisotropy, and show that the magnetic moment
of TbPc2 can be effectively stabilized against thermal
fluctuations while preserving typical SMM features.
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The experiments were performed at beam line ID08 of
the European Synchrotron Radiation Facility (ESRF). The
samples were prepared in situ by molecular beam evapo-
ration of TbPc2 on Ni films in ultrahigh vacuum. The
TbPc2 coverage was 0:05� 0:02 monolayers (ML). FM
films with out-of-plane (OP) and in-plane (IP) magnetic
anisotropy were obtained by deposition of 13 ML of Ni on
Cu(100) and 6 ML of Ni on Ag(100) sputter-annealed
single crystals, respectively [24,25]. Oxidized and reduced
Ni surfaces with OP magnetization were prepared by the
surfactant growth of a cð2� 2Þ O phase on Ni=Cuð100Þ
[26] and by evaporating Li on TbPc2=Ni=Cuð100Þ. TbPc2
adsorbs flat on metal surfaces [10,27] as well as on oxygen-
covered Ni [28]. The XMCD measurements were carried
out using total electron yield detection at the L2;3 absorp-

tion edges of Ni and M4;5 absorption edges of Tb, selec-

tively probing the substrate (MNi) and molecule (MTb)
magnetic moments. A magnetic field B was applied par-
allel to the x-ray direction at normal (� ¼ 0�) and grazing
(� ¼ 70�) incidence to measure the OP and IP magnetiza-
tion. The time required to record a set of Tb XMCD spectra
or a hysteresis loop was about 103 s, which defines the
lower limit of � probed in this experiment. For more details
about the beam line setup, sample preparation, and XMCD
measurements we refer to Refs. [10,30].

We begin by investigating the coupling of TbPc2 to OP
Ni films, in which case the molecule and substrate easy
axes are collinear. Figure 1(a) shows the Ni and Tb x-ray
absorption (XAS) and XMCD spectra recorded at T ¼ 8 K
after saturating the magnetization at 5 T and subsequently
setting the field to zero. We observe that both Ni and Tb
have a strong remanent XMCD intensity, which remains
stable over the time scale of the measurements. The sign of
the Tb XMCD, however, is opposite to Ni, indicating that
MTb and MNi are AFM coupled. Measurements of TbPc2
on IP Ni films, reported in Fig. 1(b), illustrate the case
where the molecule and substrate easy axes are orthogonal.
Although the coupling between TbPc2 and Ni remains
antiferromagnetic, as expected, the remanent Tb XMCD
intensity along the substrate easy axis is now strongly
reduced compared to the Ni XMCD. This result shows
the importance of matching the substrate and SMM mag-
netic anisotropy properties to effectively stabilize the
SMM magnetization in the absence of external magnetic
fields. Notably, this is in contrast with recent theoretical
calculations of Mn12 on Ni, which postulate that the mag-
netic easy axis of the SMM-substrate system is dictated by
that of the Ni layer [31].

Element-resolved hysteresis loops provide further
insight into the nature of SMM-substrate coupling.
Figure 2(a) shows the out-of-plane (� ¼ 0�) and in-plane
(� ¼ 70�) magnetization loops of the OP TbPc2=Ni=
Cuð100Þ sample measured by recording the XMCD
intensity at the Ni L3 and Tb M5 edge as a function of
applied field [28]. In the low field region, MTb is aligned

antiparallel to MNi, switching direction together with it
[dashed lines in Fig. 2(a)]. Note that MTb does not present
a butterfly hysteresis loop with near-zero remanence typi-
cal of TbPc2 in bulk crystals and nonmagnetic substrates
[11,13,32], but closely follows the squareMNi loop as long
as B< 0:1 T. At higher field, however, the Zeeman inter-
action overcomes antiferromagnetic exchange, inducing a
gradual rotation of MTb parallel to B. MTb first changes
sign at B ¼ Bexc, as the external field compensates the
exchange coupling to the substrate, and finally ends up
parallel toMNi. A similar behavior is observed for the out-
of-plane (left panel) and in-plane MTb (right panel), albeit
the Tb remanence, Bexc, and the magnetization at high-field
depend on the orientation of B with respect to the SMM
easy axis.
The coupling between MTb and MNi is necessarily

mediated by the bottom Pc ligand of TbPc2, which sepa-
rates the Tb ion from the surface. This likely occurs
through electrons residing or transferred into a Pc � orbi-
tal. Therefore, we tested the possibility of tuning the
exchange interaction by modifying the amount of charge
transfer between surface and molecule. This can be real-
ized in practice by (i) preparing a (2� 2) O buffer layer
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FIG. 1 (color online). XMCD measurements of TbPc2 on
(a) OP Ni=Cuð100Þ and (b) IP Ni=Agð100Þ films recorded at
remanence, T ¼ 8 K. Top: schematic view of the TbPc2 and Ni
magnetization. Middle: XAS spectra measured at the L2;3 edges

of Ni with positive (Iþ) and negative (I�) circular polarization,
and XMCD intensity (I� � Iþ). Bottom: Tb spectra at the M4;5

edges. Because of the low TbPc2 coverage, the Tb XAS is
superimposed to a substrate-dependent background.
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[26] between TbPc2 and Ni, and (ii) ‘‘doping’’ the Ni
surface with a strong electron donor such as Li. Although
we do not control the extent of charge transfer in either
case, it is safe to assume that (i) leads to oxidation and (ii)
to a reduction of the Pc ligand. The reproducibility of the
XMCD spectral features proves that the electronic configu-
ration of Tb remains predominantly 4f8 in either case
[28,29]. However, we observe a reduction of the XMCD/

XAS ratio for TbPc2=Li=Ni=Cuð100Þ [28], which is con-
sistent with moderate charge transfer into the 4f states, as
would be expected due to increased occupancy of the Pc
orbitals [12]. The effects of charge transfer on the Ni
magnetization, reported in Figs. 2(b) and 2(c), are limited
to changes of the coercivity, which we ascribe to modifi-
cations of the surface magnetocrystalline anisotropy en-
ergy. The magnetic behavior of TbPc2, on the other hand,
changes significantly. The remanent MTb decreases
strongly in TbPc2=O=Ni layers compared to TbPc2=Ni,
as shown in Fig. 2(b). Moreover, Bexc varies from 0.6 T
in TbPc2=O=Ni to 2.5 T in TbPc2=Li=Ni [Fig. 3(a)], in-
dicating that the exchange coupling energy increases sig-
nificantly with the amount of charge donated to the Pc
ligand.
The competition between the intrinsic SMM properties,

namely, the magnetic anisotropy, Zeeman interaction of
TbPc2, and antiferromagnetic exchange to the substrate,
can be described using the following Hamiltonian:

H ¼ �BðLþ 2SÞ � B� �L � Sþ VCF þ M̂Ni �K � Ŝ
(1)

where �B is the Bohr magneton, S and L the spin and
orbital moments of Tb, � ¼ 212 meV the spin-orbit en-
ergy, and VCF ¼ �B2O

0
2 � B4O

0
4 � B6O

0
6 the Tb crystal

field potential as a function of the Stevens operators Om
k .

Since VCF is not affected by deposition on metals [10], we
use the same coefficients B2 ¼ 414,B4 ¼ �228, andB6 ¼
33 cm�1 as for the free molecule, which give a magnetic
anisotropy barrier of about 590 cm�1 (73 meV) [9,33]. K
represents the superexchange tensor between Ni and Tb, of
which we consider only the diagonal out-of-plane K? and

in-plane Kk components. The dipolar magnetic field
produced by the substrate can be neglected [28]. We use
Eq. (1) to calculate the expectation value of MTb ¼
��BðhLi þ 2hSiÞ as a function of applied field and tem-
perature and fit the curves reported in Fig. 2. The fit is
restricted to the bottom J ¼ Lþ S ¼ 6multiplet of TbPc2
[33]. For simplicity, we take M̂Ni ¼ �1 for B _ 0. The fit

has three free parameters: K?, Kk, and a multiplicative
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FIG. 2 (color online). Element-resolved hysteresis loops
of Ni (top) and Tb (bottom) for (a) TbPc2=Ni=Cuð100Þ,
(b) TbPc2=O=Ni=Cuð100Þ, (c) TbPc2=Li=Ni=Cuð100Þ, and
(d) TbPc2=Ni=Agð100Þ measured at normal (left) and grazing
(right) incidence at T ¼ 8 K. The units of MNi and MTb corre-
spond to the XMCD/XAS ratio at the L3 and M5 absorption
edges, respectively [28]. The dashed lines in (a) show the Tb
magnetization at low field normalized to MNi. The solid lines
superposed to MTb are fits according to Eq. (1).
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factor that scales MTb to the XMCD intensity. Such
parameters reduce to two when � ¼ 0� for the curves

shown in Figs. 2(a)–2(c), where Kk plays no role. The
results, shown as solid lines, reproduce remarkably well
the easy and hard axis behavior of TbPc2, demonstrating
that our model captures the main features of the interaction
between SMM and OP substrates. The situation appears to
be more complicated for the IP substrate [Fig. 2(d)], where
MTb saturates at a slower rate compared to the OP case.
Presently, we cannot explain such a difference using
Eq. (1). However, we can qualitatively interpret the shape
of the out-of-plane loop [left panel in Fig. 2(d)], where
MTb is approximately zero up to B ¼ �0:7 T. This pecu-
liar behavior is consistent with the fact that, due to the
strong perpendicular anisotropy, only the out-of-plane
component ofMNi can polarizeMTb, whereas the in-plane
exchange field mixes in equal amount up and down
magnetic states. As long as MNi is linear with B, the out-

of-plane antiferromagnetic exchange term K?M̂Ni com-
pensates the Zeeman energy �BðLþ 2SÞB, leading to
MTb � 0.

Figure 3(a) compares the values of K?, Kk, and B�
exc ¼

�BðLþ 2SÞBexc measured at � ¼ 0� and 70�. We observe
that K? and B�

excð� ¼ 0�Þ nearly match each other, as
expected for an Ising-like system. K? increases by about
a factor of 4 going from TbPc2=O=Ni to TbPc2=Li=Ni.

Moreover, we find that K is strongly anisotropic, since Kk
is generally much greater than K?. Such a strong super-
exchange anisotropy is not unusual for rare earth ions with
unquenchedL since the spin-orbit interaction is significant
compared to VCF [34]. In such a case, a rotation of the 4f
spin carries the orbital wave functions with it, thereby
significantly varying the electronic overlap with neighbor-
ing orbitals that is at the origin of superexchange.

Finally, we address the magnetic stability of TbPc2 on
Ni as a function of temperature. From the data reported in
Fig. 2, it is evident that the interaction with Ni greatly
enhances MTb at zero field compared to TbPc2 in the bulk
and on nonmagnetic substrates [11,13], where resonant
quantum tunnelling between hyperfine levels prevents
reaching 100% remanence [32]. Figure 3(b) shows that
finite remanence is observed up to T ¼ 100 K, indicating
that the coupling with Ni stabilizes MTb on a time scale of
the order of 103 s. The solid lines represent MTbðTÞ calcu-
lated using Eq. (1) andMNiðTÞ ¼ ð1� T=TCÞ�, with TC ¼
575 K and � ¼ 0:28� 0:04 [24]. Note that MTb relaxes
independently of MNi, as expected for a paramagnetic
system described by Eq. (1) in the presence of an exchange
field.

Before concluding, we provide a comparison of our
results with previous measurements of paramagnetic mole-
cules deposited on FM metal films [18–23]. Unlike the
above systems, the magnetic metal ion of TbPc2 is sepa-
rated from the surface by a complex ligand structure and
has f rather than d character. The coupling of TbPc2 to Ni

is antiferromangetic, whereas metal-porphyrins and
phthalocyanines always couple ferromagentically to bare
metal surfaces either through direct exchange or by 90�
superexchange [17–23]. Both mechanisms are unlikely to
occur in SMMs because the metal centers are placed
further away from the surface. Such separation also favors
180� antiferromangetic superexchange paths over 90� FM
ones. Most importantly, the magnetization of metal-
porphyrins and phthalocyanines always mimic that of the
FM substrate, whereas TbPc2 and Ni clearly behave as two
different magnetic systems. This is attributed to the smaller
superexchange interaction of SMMs compared to planar
molecules [20] as well as to the strong magnetic anisotropy
and large magnetic moment intrinsic to SMMs.
In summary, we have proven that SMMs couple to FM

metal layers. The superexchange interaction mediating the
coupling can be tuned by oxidizing or reducing the FM
substrate. Element-resolved hysteresis curves reveal that
the SMM magnetization depends critically on the align-
ment of the molecule and substrate easy axes as well as on
the balance between interface-dependent superexchange
and applied magnetic field. All together, our results show
that SMMs behave as coupled but separate magnetic units
from an underlying FM surface. The enhanced thermal
stability of the TbPc2 magnetic moment and the possibility
to orient it parallel or antiparallel to a macroscopic FM
layer make TbPc2 very interesting for applications in hy-
brid devices. Future experiments may address the coupling
of different SMM families to ferromagnets as well as the
transport properties of SMM-FM spin valves.
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