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Abstract
Electronic structure and magnetic interactions of a Tb adatom on graphene are investigated from
first principles using combination of density functional theory and multiconfigurational quantum
chemistry techniques including spin–orbit coupling (SOC) . We determine that the six-fold
symmetry hollow site is the preferred adsorption site and investigate electronic spectrum for
different adatom oxidation states including Tb3+, Tb2+, Tb1+, and Tb0. For all charge states, the
Tb 4f 8 configuration is retained with other adatom valence electrons being distributed over 5dxy,
5dx2+y2, and 6s/5d0 single-electron orbitals. We find strong intra-site adatom exchange coupling
that ensures that the 5d6s spins are parallel to the 4f spin. For Tb3+, the energy levels can be
described by the J= 6 multiplet split by the graphene crystal field (CF). For other oxidation
states, the interaction of 4f electrons with spin and orbital degrees of freedom of 6s5d electrons
in the presence of SOC results in the low-energy spectrum composed closely lying effective
multiplets that are split by the graphene CF. Stable magnetic moment is predicted for Tb3+ and
Tb2+ adatoms due to uniaxial magnetic anisotropy and effective anisotropy barrier around
440 cm−1 controlled by the temperature assisted quantum tunneling of magnetization through
the third excited doublet. On the other hand, in-plane magnetic anisotropy is found for Tb1+ and
Tb0 adatoms. Our results indicate that the occupation of the 6s5d orbitals can dramatically
affect the magnetic anisotropy and magnetic moment stability of rare earth adatoms.

Supplementary material for this article is available online

Keywords: nanomagnetism, lanthanide adatoms, magnetic relaxation

1. Introduction

Magnetic adatoms have recently garnered significant interest
due to their potential applications in spintronics and quantum
information technologies [1]. Individual magnetic adatoms
on surfaces may exhibit long-lived spin quantum states and
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function as single atom magnets with significant remanent
magnetization and coercivity at temperatures as high as sev-
eral tens of kelvin [2]. Reading and writing [3] as well as
coherent control [4] of the adatoms spin states have been
demonstrated making such systems promising materials for
ultrahigh-density magnetic information storage and quantum
logic devices.

Rare-earth adatoms carrying a nonzero orbital angular
momentum are particularly interesting since their strong spin–
orbit coupling (SOC) may lead to a large magnetic aniso-
tropy barrier which is essential to obtain robust adatom mag-
netic moment that is stable against fluctuations from the envir-
onment. Different late rare-earth-adatoms have been realized
using various substrates including metallic (Cu, Pt) surfaces
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[5, 6], insulating surfaces like MgO [2, 3, 7–9] or BaO [10],
and graphene [11, 12]. While lanthanide adatoms on metals
may have a large magnetic anisotropy barrier, effective scat-
tering with conduction electrons and soft phonon modes of the
metallic surface lead to efficient under-the-barrier relaxation
processes which make the adatom magnetic states short-lived
[5]. In the case of insulating surfaces, like MgO, however, the
lack of conduction electrons and low phonon density of states
result in long magnetic relaxation time and magnetic hyster-
esis provided that the adatom site symmetry leads to highly
axial magnetic states and suppresses quantum tunneling of
magnetization [2, 7]. Similarly, stable magnetic moments were
observed for Dy adatoms on graphene thanks to low substrate
electron and phonon densities and the high symmetry of the
adatom adsoprtion site [11, 12]. Graphene is, in fact, especially
promising substrate due to absence of nuclear spins in abund-
ant (98.9%) 12C nuclei. Since hyperfine coupling with nuclear
spins is one of the main decoherence mechanisms, one may
expect adatoms on graphene to have a longer coherence times
which is of vital importance for potential quantum information
applications.

Magnetic adatoms share a lot of physics with single
molecular magnets (SMMs) [13]. Even though the former
have no ligands, the crystal field (CF) is instead provided
by the substrate. For both systems, the interplay of the
CF and SOC is responsible for magnetic anisotropy. The
lack of ligands for adatom systems can actually be con-
sidered advantageous since the interactions with ligand vibra-
tional modes is one of the main magnetic relaxation mech-
anisms in SMMs [13]. An important point is that lanthnide-
based SMMs are typically in the trivalent oxidation state
while rare-earth adatoms may adapt various oxidation states.
In fact, the adatom oxidation can be potentially controlled
externally, for example, by gating as demonstrated for Co
adatoms on graphene [14]. Different lanthanide oxidations
may have different electronic excitation spectrum and, there-
fore, different magnetic properties like magnetic anisotropy
or hyperfine coupling [15]. Consideration of various oxid-
ation states is, thus, crucial in order to elucidate magnetic
properties of rare-earth adatoms.

Many theoretical studies of lanathanides adatoms are based
on effective spin Hamiltonian [7, 12, 16] or ligand fieldmodels
[2, 12] to describe low-lying magnetic states and anisotropy
barrier. While such approaches are often very useful to explain
experimental data, they involves many free parameters and
cannot always provide a clear physical description of the sys-
tem. On the other hand, first principles calculations, while
parameter-free, are typically based on density functional the-
ory (DFT) [2, 8, 17, 18] which cannot properly describe the
multireference nature of the lanthanide 4f electrons. Ab initio
quantum chemistry techniques has proven to be very success-
ful in describing lanthanide SMMs [19] and, therefore, is an
ideal method to study rare-earth adatoms [20].

Here, we present our first principles studies of electronic
structure and magnetic properties of Tb adatom for differ-
ent oxidation states. Preferred adsorption sites and atomic

coordinates are determined using DFT calculations in the
supercell geometry. Next, electronic spectrum and magnetic
interactions are studied using multiconfigurational quantum
chemistrymethods for a clustermodel. The intra-site exchange
coupling, effective magnetic moments, CF parameters, and
effective anisotropy barrier for different charge states of the
Tb adatoms are discussed.

2. Methodology

Adsorption energy calculations and atomic relaxations for
a neutral Tb (i.e. Tb0) adatom on a graphene for different
adsorption sites are performed using DFTwith PBE exchange-
correlation functional [21]. The DFT calculations are done
using a supercell method with the Tb adatom on the 8× 8
graphene supercell (128 C atoms). The graphene layer is sep-
arated from its periodic image by 15 Å. The Kohn–Sham
equations are solved using the projector augmented wave
(PAW) method [22] as implemented in the VASP code [23].
Since DFT cannot properly describe partially filled 4f states,
for Tb we use the open-core PAW pseudopotential (corres-
ponding to the 4f 8 configuration). As this approach does not
include the 4f exchange-correlation potential when comput-
ing valence electrons, the calculations are non-spin polar-
ized. The cutoff energies for the plane wave and augmenta-
tion charge are 500 eV and 645 eV, respectively. We use Γ-
centered 4× 4× 1 k-point mesh. Atomic positions are relaxed
until the Hellmann-Feynman forces are converged to less than
0.01 eVÅ−1.

For quantum chemistry calculations we use a cluster model
constructed from the discussed above DFT-optimized super-
cell. The cluster consists of the Tb adatom and 54 neighbor-
ing C atoms. The carbon dangling bonds are passivated by
hydrogen atoms using the 1.09 Å C–H bond lengths such
that the C6v symmetry is retained. The resulting cluster is
shown in figure 1. A somewhat smaller cluster was used for
quantum chemistry calculations of Co adatom on graphene
[24]. Note that the approximation of the infinite graphene
layer by a finite cluster does not allow to fully reproduce the
graphene band structure including the Dirac cone. However,
our focus here is on the proper description of the local excit-
ation spectrum of the Tb adatom. These energy levels are
primarily affected by the adatom-graphene interaction which
should be well described with the cluster model. Our approach
is similar to quantum chemistry calculations of the negatively
charged nitrogen-vacancy (NV−) center in diamond [25]. In
that work a finite cluster was adapted to represent a dia-
mond lattice and even though the diamond band structure
was not perfectly described, the local excitation spectrum of
the NV− center was found to be in a good agreement with
experiment [25].

The multiconfigurational quantum chemistry calculations
are performed using the OpenMolcas code [26]. The adatom
oxidation state is selected by adjusting the total charge of
the cluster. Scalar relativistic effects are included based on
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Figure 1. Cluster used for quantum chemistry calculations of Tb
adatom on graphene. Purple, brown, and light red spheres represent
terbium, carbon, and hydrogen atoms, respectively. The red arrow
represents the adatom magnetic moment. The Tb adatom is exactly
on top of the graphene hollow site so that the cluster retains the C6v
symmetry.

the second order Douglas–Kroll–Hess Hamiltonian [27, 28]
and relativistically contracted atomic natural orbital (ANO-
RCC) basis sets [29, 30]. We use polarized valence triple-
ζ (ANO-RCC-VTZP) basis set for the Tb atom, polarized
valence double-ζ (ANO-RCC-VDZP) basis set for C atoms,
and valence double-ζ (ANO-RCC-VDZ) basis set for H atoms.
The calculations are performed in two steps. First, in the
absence of SOC, the electronic structure is calculated using
the state-averaged complete active space self-consistent field
(SA-CASSCF) [31, 32]. CASSCF is an ab initio multiconfig-
urational method in which the electronic wave function is rep-
resented by a linear combination of different electronic con-
figurations (Slater determinants). The configurations included
in the expansion are determined by partitioning the molecu-
lar orbitals into three subsets: inactive, active, and virtual.
For all included configurations, the inactive orbitals are kept
doubly occupied while the virtual orbitals are kept empty. The
remaining (active) electrons occupy the active orbitals. Nel

active electrons and Norb active orbitals form an active space
that we denote as CAS(Nel, Norb). The CASSCF wave func-
tion is built from all possible configurations of the active elec-
trons within the active orbitals. The coefficient of the expan-
sion (configuration interaction coefficients) and the molecu-
lar orbitals are determined by minimizing the energy. Wave
functions for different electronic states (roots) can be calcu-
lated including the ground and the excited states. In the SA-
CASSCF method, for all considered roots we use a com-
mon set of molecular orbitals determined by minimizing the
average energy of the roots. Since SOC is not included, the
total electronic spin is a good quantum number and the SA-
CASSCF calculations can be done for a fixed spin multipli-
city without explicitly considering the spin degeneracy result-
ing in spin-free states (roots) and energies. The active space,
spin multiplicities, and number of roots used in SA-CASSCF
calculations depend on the Tb adatom oxidation state and
will be discussed in section 4.

In the second step, the SOC is included within the
atomic mean-field approximation [33] using the restricted act-
ive space state interaction (RASSI) method [34]. Here, the
state-interaction matrix is built by evaluating matrix elements
of the full electronic Hamiltonian including SOC between
the SA-CASSCF roots (including their spin sublevels) for
all considered spin multiplicities. In particular, the diagonal
entries are the SA-CASSCF root energies. The final electronic
spectrum is then obtained by diagonalization of the SOC state-
interaction matrix.

If a group of N electronic states is well separated from
the rest of the spectrum, it can be represented by an effect-
ive spin S̃= (N− 1)/2 and described by the effective spin
Hamiltonian that includes the effective CF (or the zero-field
splitting (ZFS)) interaction and the Zeeman Hamiltonian [35].
The parameters of the effective spin Hamiltonian can be cal-
culated from ab initio using the SINGLE_ANISO formal-
ism [36]. Themethodology is based on the establishment of the
correspondence between the pseudospin eigenfunctions and
the chosen group of N CASSCF-RASSI-SOC wave functions.
This is done by requiring that the linear part of the Zeeman
Hamiltonian should acquire a diagonal form when written in
a coordinate system related to the main magnetic axes of the
system. Therefore, diagonalization of the magnetic moment
operator written in the basis of the N CASSCF-RASSI-SOC
wave functionswill yield a unique linear combinations of these
wave functionswhich can be put in one-to-one correspondence
to the pseudospin eigenfunctions.

3. DFT calculations

In order to determine the preferred adatom-substrate geometry
we consider three possible adsorption sites: (i) hollow site with
the adatom on top of the center of a single graphene honey-
comb (C6v symmetry); (ii) top site with the adatom on top of a
carbon atom (C3v symmetry); (iii) bridge site with the adatom
on top of the center of a nearest-neighbor graphene bond (C2v

symmetry). For each adsorption site we optimize atomic pos-
itions and calculate the total energy. Table 1 shows calculated
adsorption energies and the vertical distance of the Tb adatom
from the graphene layer. In general, we find that the Tb adatom
is about 2.3−2.4 Å above the graphene layer and that this dis-
tance is the smallest for the hollow site. The hollow site has
also the lowest energy with the energies of other sites being
almost 0.1 eV larger. This indicates that the six-fold symmet-
ric hollow site is the preferred adsorption site. This is consist-
ent with scanning tunneling microscopy measurements of Dy
adatoms on graphene that found that the adatoms are adsorbed
at the hollow site [11].

4. Quantum Chemistry Calculations

Quantum chemistry calculations are performed for a cluster
with the Tb adatom at the hollow site as shown in figure 1.
Electronic structure and magnetic interactions are computed
for different Tb oxidation states including Tb3+, Tb2+, Tb1+,
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Table 1. DFT calculated adsorption energy and the optimized
vertical distances of the Tb adatom from the graphene layer for
different adsorption sites. The adsorption energies are relattive to
the hollow site.

Adsorption
site

Adsorption
energy (meV)

Vertical
distance (Å)

Hollow site 0 2.28
Top site 85 2.32
Bridge site 91 2.38

and Tb0. For all oxidation states, the DFT atomic structure cal-
culated for Tb0 charge state is used. This allows us to focus on
the purely electronic effect of the change of the oxidation state.

4.1. Tb3+ oxidation

Tb adatom in the +3 oxidation state has the 4f 8 valence elec-
tronic configurations with the Tb 6s, 5d, and 6p orbitals being
unoccupied. In order to describe the strong electronic correl-
ations of the partially filled 4f shell the SA-CASSCF active
space consists of eight electrons and seven 4f -like orbitals.
Such CAS(8,7) active space was used to describe magnetic
properties of the anionic TbPc2 SMM where the Tb atom is
also in the +3 oxidation state [37]. According to the Hund’s
fist rule, the lowest energy states correspond to the maximum
spin of the 4f electrons, i.e. S4f = 3. Other spin states are signi-
ficantly higher in energy. Since the graphene layer is nonmag-
netic and the adatom has no non-4f electrons, the SA-CASSCF
calculations are done for the total spin Stot = S4f = 3. The spin
state and the active space used for the Tb3+ adatom is shown
schematically in figure 2(a). Note that the spin down electron
may occupy any of the seven 4f orbitals. This gives rise to
seven possible spin-free states (roots) for the 4f 8 and S4f = 3
configuration. Indeed, this configuration leads to the 4f orbital
angular momentum of L4f = 3 and the seven roots correspond
to the seven possible values of the magnetic orbital quantum
number ML. For a spherically symmetric isolated Tb3+ ion,
these roots would be degenerate. For the adatom geometry,
however, this degeneracy is removed by the graphene CF.
Nevertheless, as the CF acting on 4f electrons is relatively
weak, the roots lie very close in energy and can be mixed
by SOC. Therefore, all seven roots are included in the SA-
CASSCF calculations and the corresponding state averaging
procedure.

SOC mixes the S4f = 3, L4f = 3 states and gives rise to a
multiplet structure with each multiplet corresponding to a dif-
ferent possible value of the 4f total angular momentum, J. It
follows from the Hund’s third rule that the lowest energy mul-
tiplet has the maximum possible total angular momentum of
J= 6. This ground multiplet is split by the graphene CF pro-
ducing the calculated low-energy spectrum shown in figure 3.
The energy difference between the lowest and highest elec-
tronic levels within the ground multiplet is EMAB = 569 cm−1.
Despite being split, the ground multiplet remains well-defined
as it is separated from higher lying levels by 1416 cm−1.

Figure 2. Schematic diagram illustrating the selected active space
and relevant configurations that determine number of roots used in
SA-CASSCF calculations for different adatom oxidation states. We
show only the case of the highest considered spin multiplicity. For a
given oxidation states, the active space and number of roots are the
same for all considered spin multiplicities. (a) For Tb3+, the active
space consists of eight electrons in seven 4f -like orbitals with
S4f = 3. We include seven roots that originate from seven possible
configurations of the spin down electron in 4f orbitals. (b) For
Tb2+, for low-lying roots, the additional electron occupies a 6s/5d0
orbital hybrid and the pair of 5dxy, 5dx2+y2 orbitals. These three
orbitals and the extra electron are, thus, added to the active space.
As the extra electron has three possible configurations, the number
of roots is 3× 7= 21. (c) For Tb1+, an additional electron is added
to the active space, but the number and type of active orbitals remain
the same. For low lying roots, one of the non-4f electrons resides at
the 6s/5d0 hybrid while the other occupies 5dxy- and 5dx2+y2-like
orbitals so that it has two possible configurations and the number of
roots is 2× 7= 14. (d) For Tb0, an additional electron is added to
the active space, but the number and type of active orbitals again
remain the same. Since we have three electrons occupying 6s/5d0,
5dxy, and 5dx2+y2 orbitals, this results in a single configuration and
the number of roots is 7.

The splitting of the ground multiplet by the CF and its
response to the external magnetic field B can be described by
the following effective spin Hamiltonian

Ĥ=
∑

k=2,4,6

k∑
q=−k

BqkÔ
q
k

(
S̃
)
−µBB · g · S̃, (1)

where S̃ is the pseudospin operator that for the Tb3+ adatom
corresponds to the total angular momentum operator for the
ground multiplet (J= 6). The first term is the CF Hamiltonian
with Ôq

k(S̃) being kth rank extended Stevens operators [38] and
Bqk being corresponding CF parameters. Time reversal sym-
metry enforces only even integers k and q=−k, . . .,0, . . .,k.
The second term in equation (1) is the Zeeman interaction
that is described by the g-tensor, g. The Ôq=0

k operators com-
mute with S̃z and represent diagonal or uniaxial CF interac-
tions, while Ôq̸=0

k operators do not commute with S̃z and rep-
resent transverse or off-diagonal CF interactions. Due to the
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Figure 3. Calculated low-energy magnetic states for the Tb3+

adatom on graphene. The spectrum is primarily composed of
(quasi-)doublets. Each doublet state is placed along the horizontal
axis according to its value of the z component of the total angular
momentum. The only singlet state has Jz = 0. Tunnel splittings of
the doublets due to B6

6 transverse CF interaction are indicated.

high symmetry of the adatom site (C6v), the only nonzero
transverse CF parameters is B6

6. The nonzero CF parameters
and the principal values of the g-tensor are calculated for the
ground multiplet (13 states) using the SINGLE ANISO form-
alism. The results are shown in table 2. As seen, the g-tensor
is nearly isotropic and close to the ideal Lande g-factor value
of 3/2. Correspondingly, the spin and orbital angular momenta
along main magnetic axes are all close to 3 as expected for the
7F6 multiplet. We also find that B6

6 is much smaller than the
diagonal CF parameters, and therefore, the CF is highly axial.
This is a consequence of the high symmetry of the adatom
site which requires all Ôq̸=0

k with k< 6 being zero. As a res-
ult of the high axiality of the CF, S̃z (or the z component of
the total angular momentum for the ground multiplet, Jz) is
approximately a good quantum number and the energy levels
can be characterized by the magnitude of Jz. Indeed, as seen
in figure 3, the spectrum is primarily formed by Ising doublets
with a well defined |Jz|. The lowest energy doublet corres-
ponds to Jz =±6 and it is separated from the first excited
doublet (Jz =±5) by the ZFS energy gap EZFS = 164 cm−1.
For successive doublets, |Jz| decreases by 1 until the highest
lying singlet state with Jz = 0. The Tb3+ adatom has, thus,
a magnetic moment µ= gJµB (g≈ 3/2, J= 6) and uniaxial
anisotropy with easy axis perpendicular to the graphene layer.
The two ground doublet states correspond to two opposite dir-
ections of the magnetic moment along the easy axis and are
separated by a magnetic anisotropy barrier EMAB = 569 cm−1.

The nonzero transverse CF parameter B6
6 mixes different

Jz states as long as the difference between their Jz values is
an integer multiple of q= 6. In particular, it couples Jz = 6
and Jz =−6 states so that the ground doublet is split. This
is known as tunnel splitting since it is responsible for the

Table 2. Principal values of the g-tensor (gi) and the CF parameters
(Bkq) calculated for the low-lying magnetic states of the Tb adatom
on graphene for different adatom oxidation states. The units of CF
parameters are cm−1.

Tb3+ Tb2+ Tb1+ Tb0

g1 1.508 1.503 2.511 1.872
g2 1.508 1.503 2.511 1.872
g3 1.480 1.435 2.022 1.668
B0
2 −5.375 455 −3.940 770 6.071 690 7.641 457
B0
4 0.000 216 −0.005 776 0.022 960 0.004 203
B0
6 0.000 021 0.000 001 −0.000 007 0.000 005
B6
6 0.000 041 0.000 027 0.000 139 0.000 003

under-the-barrier quantum tunnelling of magnetization from
+Jz to −Jz and vice versa. Since the B6

6 parameter is very
small and two multiples of q= 6 (fourth order of perturba-
tion theory) are required to couple Jz = 6 and Jz =−6 states,
the calculated tunnel splitting for the ground doublet is only
ETS = 10−4 cm−1. Such low value indicates that quantum tun-
neling of magnetization for the ground doublet is very inef-
fective and is not responsible for magnetic relaxation of the
Tb3+ adatom. The |Jz|= 3 is the only other doublet split by
B6
6. In this case ETS = 2 cm−1 is significantly larger since

the Jz = 3 and Jz =−3 states are connected by a single mul-
tiple of q= 6 (second order of perturbation theory). As a res-
ult, the thermal excitation (due to spin-phonon coupling) from
the ground doublet to the third excited doublet on the same
side of the barrier followed by the quantum tunneling of mag-
netization constitutes an efficient magnetic relaxation mech-
anism. This indicates that the effective magnetic anisotropy
barrier corresponds to the energy of the third excited doublet,
Ueff = 436 cm−1.

4.2. Tb2+ oxidation

For the Tb adatom in the 2+ oxidation state, an electron
is added to the Tb3+ 4f 8 configuration. Calculations with
large active space that includes Tb 4f -, 6s-, 5d, and 6p-like
orbitals for different spin multiplicities revealed that for low-
lying states the 4f 8 configuration is always preserved and
the extra electron occupies a 6s/5d0 orbital hybrid and the
pair of 5dxy, 5dx2+y2 orbitals. Therefore, we proceed with an
optimal active space CAS(9,10) that includes nine electrons
in ten orbitals: seven 4f, 6s/5d0, 5dxy, and 5dx2+y2. The act-
ive space is shown schematically in figure 2(b). Since there
are again seven possible 4f 8 configurations and the extra
electron has three main configurations (due to three non-
4f orbitals), we used 3× 7= 21 roots in the SA-CASSCF
calculations.

Two different spin states are considered which mainly cor-
respond to the extra electron having spin parallel or antipar-
allel to the 4f spin S4f = 3. For the parallel case the total
adatom spin is Stot = S4f+ 1/2= 7/2 (spin multiplicity is
eight) while for the antiparallel case Stot = S4f− 1/2= 5/2
(spin multiplicity is six). The same active space (with the
same type of active orbitals) and the number of roots are used

5
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for both spin states. We find that the Stot = 7/2 state has the
lower energy and the Stot = 5/2 state is almost 6000 cm−1

higher (we compare the lowest roots for each spin state), see
figure 4(a). This result indicates that there is a strong ferromag-
netic intra-site exchange coupling between 4f spin Ŝ4f and the
6s5d spin ŝ. Assuming that this interaction can be described by
the Heisenberg-like Hamiltonian, Hex =−JexŜ4f · ŝ, the intra-
site exchange parameter is Jex ≈ 0.2 eV.

Energy levels of the Tb2+ adatom are calculated by includ-
ing SOC. The picture of 4f electron J-multiplets split by
CF is, however, no longer valid due to strong interaction
of the 4f electrons with the spin and orbital degrees of
freedom of the non-4f valence electron. This leads to a
more complicated spectrum whose low-energy part is shown
in figure 2(b). Here, we can identify two effective mul-
tiplets. The lower one (green background in figure 5) con-
sists of 14 states and corresponds to the effective spin S̃=
13/2. The upper multiplet (purple background in figure 5)
is separated from the lower one by almost 100 cm−1 and
it corresponds to the effective spin S̃= 7/2 (eight states).
The upper multiplet is separated from higher-lying states by
about 775 cm−1.

CF parameters and the g-tensor are calculated for the
lower multiplet with effective spin S̃= 13/2 based on the
Hamiltonian (1) using the SINGLE ANISO formalism. The
results are shown in table 2. We find that the g-tensor is more
anisotropic that in the Tb3+ adatom case, but the principal val-
ues are still close to 3/2. This anisotropy reflects the coupling
between the two effective multiplets and it also shows in dif-
ferent values of the orbital angular momentum along different
magnetic axes: close to 3 along the 6-fold (z) axis and slightly
below 2.5 along the axes parallel to the graphene plane. Note
that due to the discussed above partial occupation of the Tb
5dxy and 5dx2+y2 orbitals, the orbital moment has a 5d con-
tribution that is expected to be antiparallel to the 5d spin (less
than half-filled 5d shell) and, thus, antiparallel to the 4f orbital
angular momentum. Regarding the spin angular momentum,
its values along the magnetic axes are all close to 3.5 as expec-
ted since the multiplet originates primarily from the Stot = 7/2
states.

Similarly as for the 3+ oxidation state, CF is strongly uni-
axial and Jz is approximately a good quantum number. The
S̃= 13/2 multiplet is composed of Kramers doublet with per-
fect degeneracy as required by the time-reversal symmetry for
systemswith odd number of electrons (Kramers theorem). The
Kramers doublets have a well defined magnitude of Jz with
larger |Jz| values having the lower energy. In particular, the
ground doublet corresponds to Jz =±13/2 and is separated
from the first-excited doublet (Jz =±11/2) by EZFS = 210
cm−1. These results indicate that at low energies the Tb2+ has
a magnetic moment µ= gJµB (g≈ 3/2, J= 13/2) and uni-
axial anisotropy with easy axis perpendicular to the graphene
layer. The height of the magnetic anisotropy barrier is EMAB =
518 cm−1.

The small transverse CF interaction (B6
6) again mixes Jz

states for which the difference in Jz values is an integer mul-
tiple of q= 6. These interactions, however, do not lead to
doublet splittings since the doublet degeneracy is ensured

Figure 4. Energy differences between the lowest spin-free levels for
all considered spin states for (a) Tb2+, (b) Tb1+ and (c) Tb0.

Figure 5. Calculated low-energy magnetic states for the Tb2+

adatom on graphene. The spectrum is composed of Kramers
doublets. Each doublet state is placed along the horizontal axis
according to its value of the z component of the total angular
momentum.

by the time reversal symmetry. Therefore, for Kramers sys-
tems, the transverse CF interactions by itself do not lead to
quantum tunneling of magnetization. For most of real nan-
omagnets including magnetic adatoms, however, there are
always small transverse magnetic fields due to various mag-
netic impurities or nuclear spins. Such transverse fields can
cause quantum tunneling between two partner states of a
Kramers doublet provided that the transverse component of
the effective magnetic moment of the doublet is nonzero
[13]. Principal values of the g-tensor for all Kramers doublets
of the S̃= 13/2 multiplet are shown in table 3. As seen,
for the three lowest doublets the transverse components of
the g-tensor (and, thus, the effective magnetic moment) are
very small so the quantum tunneling is very ineffective for
these doublets. On the other hand, for the third excited
doublet the transverse g-factors are significant (≈ 0.7) and effi-
cient quantum tunneling is expected. Therefore, we identify
the temperature assisted quantum tunneling of magnetiza-
tion through the third-excited doublet as an efficient magnetic
relaxation mechanism. The energy of the third-excited doublet
determines, thus, the effective magnetic anisotropy barrier
Ueff = 440 cm−1.
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Table 3. Principal values of the g-tensors calculated for the first
seven doublets for the Tb2+ adatom.

Doublet g1 g2 g3

1 0.000 002 0.000 002 19.974 397
2 0.000 004 0.000 004 16.287 872
3 0.000 013 0.000 013 12.606 595
4 0.731 322 0.731 323 8.927 231
5 0.727 638 0.735 573 5.315 849
6 0.002 345 0.005 612 1.820 747
7 4.703 622 4.700 357 1.323 919

4.3. Tb1+ oxidation

For the Tb adatom in the 1+ oxidation state, two additional
electrons are added to the Tb3+ 4f 8 configuration. Following
the same approach as for Tb2+ we find that for low-lying states
the 4f 8 configuration is essentially preserved, one of the extra
electrons occupies a 6s/5d0 orbital hybrid, and the other extra
electrons occupies 5dxy and 5dx2+y2 orbitals, see figure 2(c).
We, therefore, choose the CAS(10,10) active space with ten
electrons and the same type of active orbitals as for the Tb2+

case. As there are two main configurations of the non-4f elec-
trons and seven possible 4f 8 configurations, the number of
roots used in the SA-CASSCF calculations is 2× 7= 14.

We consider three different spin states Stot = 4, Stot = 3,
and Stot = 2. The first one corresponds primarily to both non-
4f electrons having spins parallel to the 4f electron spin of
S4f = 3. For the two other spin states we also mostly have
S4f = 3 with one or two of non-4f electrons having spins anti-
parallel to the 4f spin. We find that Stot = 4 has the lowest
energy with the Stot = 3 state being about 3230 cm−1 higher
in energy and the Stot = 2 state lying additional 5400 cm−1

higher (see figure 4(b)). These results are again indicative of a
strong intra-site exchange coupling between 4f and 6s5d spins.
However, pair exchange parameters between different types of
orbitals cannot be unambiguously extracted from our results.

Low-energy electronic spectrum calculated by including
SOC is shown in figure 6. We can again identify two mul-
tiplets, but similarly as for the 2+ oxidation states, they do
not correspond to the J-multiplets typical for trivalent lanthan-
ide ions. Instead, these are effective multiplets that originate
from the interaction between 4f states with the spin and orbital
degrees of freedom of 6s5d electrons in the presence of SOC.
The lower multiplet (orange background in figure 6) is com-
posed of nine states and it corresponds to the effective spin
of S̃= 4. The upper multiplet (purple background in figure 6)
is only 77 cm−1 above the lower one and it corresponds to
the effective spin S̃= 5 (11 states). The higher lying states are
about 200 cm−1. It is important to point out that the identific-
ation of effective multiplets and their effective spins is some-
what ambiguous here due to relatively small gaps between the
multiplets.

Using the SINGLE ANISO formalism we evaluated g-
tensor and CF parameters for the lower effective multiplet
based on the Hamiltonian (1), see table 2. We find that the
transverse g-factors (g1 and g2) are close to 2.5 and the g-factor

Figure 6. Calculated low-energy magnetic states for the Tb1+

adatom on graphene. The spectrum is primarily composed of
(quasi-)doublets. Each doublet state is placed along the horizontal
axis according to its value of the z component of the total angular
momentum. The singlet states have Jz = 0.

along the direction perpendicular to the graphene plane is
about 2. Similarly, the orbital angular momentum along the
transverse magnetic axes is around 2.7 while it is only 0.4
along the z axis. Here, the anisotropy of the g-factor and the
orbital angular momentum is larger than for the Tb2+ case.
This is consistent with the energy separation between the
lower and the upper multiplets being smaller (indicative of a
stronger coupling between the two multiplets). In addition to
the anisotropy, we also observe a significant overall reduction
of the orbital angular momentum with respect to the L4f = 3
value. The reduction is again caused by the 5d orbital angular
momentum that originates from a single electron occupying
the pair Tb 5dxy and 5dx2+y2 orbitals. Due to the less than half-
filled 5d shell, the 5d orbital angular momentum is antipar-
allel to the 5d spin and, thus, antiparallel 4f orbital moment.
The values of the spin angular momentum along the magnetic
axes are around 3.6−3.7. They are somewhat reduced with
respect to the expected Stot = 4 value, but show only a small
anisotropy.

The CF is again strongly axial and Jz is approximately a
good quantum number with the energy levels depending on
|Jz|. The spectrum is, thus, composed of doublets except for the
Jz = 0 state that is a singlet. Since for Tb1+ we have an integer
number of electrons, these are Ising doublet whose degener-
acy is not protected by the time reversal symmetry. In fact,
the transverse CF interaction (B6

6) and the interaction with the
higher multiplets mix different Jz states and leads to signific-
ant splitting of the doublets. Most importantly, we find that
the dominant uniaxial parameter, B2

0 is positive. This indicates
that the Tb1+ adatom has an in-plane magnetic anisotropy.
Indeed, the ground energy level is the Jz = 0 singlet and the
first-excited doublet is only about 5 cm−1 above. A stablemag-
netic moment is, thus, not expected for the Tb1+ adatom.

7



J. Phys.: Condens. Matter 37 (2025) 055803 M Shaikh et al

4.4. Tb0 oxidation

For the neutral Tb adatom our calculations show that the
4f 8 configuration is still retained and the three additional
valence electrons occupy 6s/5d0, 5dxy, and 5dx2+y2 orbitals,
see figure 2(d). The optimal active is, thus, CAS(11,10) with
eleven active electrons and the same type of active orbitals
as for the other non-3+ oxidation states. Since there is only
a single configuration of the non-4f electrons, we use seven
roots in the SA-CASSCF calculations to account for seven
possible 4f 8 configurations.

Four different spin states are considered including Stot =
9/2, Stot = 7/2, Stot = 5/2, and Stot = 3/2. In general, for all
spin state we mostly have S4f = 3 and different spin states dif-
fer by the number of the non-4f electrons with spins parallel
to the 4f spin. As expected, due to strong intra-site exchange
coupling, Stot = 9/2 and Stot = 3/2 states have the lowest and
the highest energy, respectively (see figure 4(c). The energy
difference between these two states is around 8900 cm−1. The
other two states lie in between these two, but interestingly the
Stot = 5/2 state has a lower energy than that of Stot = 7/2 state.

The low-lying energy levels for the Tb0 adatom on
graphene calculated by including SOC are shown in figure 7.
Due to absence of orbital degrees of freedom for the 6s5d elec-
trons and strong intra-site exchange coupling, the electronic
spectrum is expected to originate from the total electronic
spin Stot = 9/2 and the 4f electrons orbital angular momentum
L4f = 3 which interact with each other by SOC. This leads
to a multiplet structure where the multiplets are character-
ized by the total angular momentum of the 4f and 6s5d elec-
trons, Jtot. Such physical picture has been used to explain elec-
tronic structure of SMMs based on divalent lanthanides where
a single non-4f electron occupies a nondegenerate 6s/5d0
orbital [39, 40]. It was found that in these systems the Hund’s
3rd rule was satisfied and the ground multiplet corresponded
to the maximum possible value of Jtot[41]. In our case, how-
ever, the groundmultiplet corresponds to Jtot = 13/2 while the
maximum value of Jtot is L4f+ Stot = 15/2. This indicates that
the Hund’s 3rd rule cannot always be extended to lanthanides
atoms with both 4f and 6s5d electrons.

The Jtot-multiplets are split by CF into Kramers doublets
(as expected for the Tb0 adatom with an odd number of
valence electrons). This splitting and the interaction with the
external magnetic field can be described by the effective spin
Hamiltonian (1). We calculate the g-factors and CF paramet-
ers for the Jtot = 13/2 multiplet (see table 2). Even though the
multiplet is separated from higher levels by almost 700 cm−1,
the g-factors show some anisotropy with the transverse and z
components of the g-tensor being about 1.9 and 1.7, respect-
ively. Correspondingly, the orbital angular momentum along
the transverse magnetic axes is close to 3, while the orbital
moment along the z axis is 2.2. Note that in this case we have
no 5d contribution to the the orbital moment and the devi-
ations from the L4f = 3 value is likely caused by the coupling
to higher multiplets. Even the spin moment show some aniso-
tropy being close to 4.5 along the transverse magnetic axes and
the 4.2 along the z axis.

Figure 7. Calculated low-energy magnetic states for the Tb0 adatom
on graphene. The spectrum is composed of Kramers doublets. Each
doublet state is placed along the horizontal axis according to its
value of the z component of the total angular momentum.

The CF is strongly axial due to high symmetry of the
adatom site. Therefore, Jz is an approximately good quantum
number and the Kramers doublets are characterized by |Jz|.We
find that energy increases with |Jz|. Thus, we have in-plane
magnetic anisotropy that is caused by the dominant B0

2 CF
parameter being positive. While this result may suggest that
the Tb0 adatom on graphene has no stable magnetic moment,
we point out that the magnetic moment in the ground doublet
(Jz =±1/2) is nonzero and the slow magnetic relaxation has
been observed for Dy adatom on SrTiO3 with an in-plane
anisotropy [42].

5. Conclusions

We investigate low-energy spectrum andmagnetic interactions
for Tb adatom on graphene from first principles using combin-
ation of DFT and CASSCF-RASSI-SOC quantum chemistry
calculations. Different adatom oxidation states are considered
including Tb3+, Tb2+, Tb1+, and Tb0. The key findings are as
follows:

• The graphene hollow site with the C6v symmetry is found to
be the preferred adsorption site.

• For all oxidation states, the Tb 4f 8 configuration is
found with other adatom valence electrons occupying 5dxy,
5dx2+y2, and 6s/5d0 single-electron orbitals.

• The spins of the 5d/6s electrons are parallel to the 4f spin
due to large intra-site exchange coupling that is significantly
stronger than SOC.

• For Tb3+ the low-energy spectrum arises from the J= 6
multiplet being split by the graphene CF but still well separ-
ated in energy from other J-multiplets. For other oxidation
states the interaction of 4f electrons with spin and orbital

8



J. Phys.: Condens. Matter 37 (2025) 055803 M Shaikh et al

degrees of freedom of 6s5d electrons in the presence of SOC
leads to formation of effective multiplets that are split by the
graphene CF. The effective multiplets lie relatively close in
energy and can interact with each other.

• For Tb3+ and Tb2+, we find uniaxial magnetic anisotropy
and identify the temperature assisted quantum tunneling of
magnetization through the third-excited doublet as the dom-
inant magnetic relaxation mechanism. The corresponding
effective anisotropy barriers are about 440 cm−1.

• For Tb1+ and Tb0, we find in-plane magnetic aniso-
tropy. This result indicates that occupation of rare earth
adatom 5d6s orbitals can dramatically change the CF that
acts on the 4f electrons. Therefore, the 5d6s electrons
should not be neglected when modeling electronic struc-
ture of rare-earth adatoms using ligand- or crystal-field
models.
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