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The observation of an anomalous quadrupolar signal in x-ray magnetic circular dichroism (XMCD)
at the Fe K-edge of iron phthalocyanine (FePc) films is reported. All ground states previously
suggested for FePc are incompatible with the experimental data. Based on ab initio molecular
orbital multiplet calculations of the isolated FePc molecule, we propose a new model for the magnetic
ground state of the FePc film, which explains the XMCD data and reproduces the observed values
of the orbital moments in the perpendicular and planar direction.

PACS numbers: 75.25.-j, 68.55.am, 78.70.Dm, 81.15.Hi

As building blocks in innovative spintronics and nan-
odevices, organic magnetic molecules are subjects of spe-
cial research interest. Among these, Fe phthalocyanine
(FePc) molecules are promising candidates as new ideas
and methods can be applied due to its simple, beautiful
and robust planar structure. Moreover its spin moment
can be chemically manipulated by oxidation [1] and Li-
doping [2] while its strong magnetic anysotropy [3] can
be switched from planar to perpendicular by the appli-
cation of a small external electric field through the mag-
netoelectric effect [4]. It is therefore of extreme impor-
tance to have a model of the magnetic ground state of the
molecule, an objective which has been elusive for decades
(see Refs. 5-8).

In an isolated molecule, the Crystal Field (CF) on the
Fe site, with approximate Dy, symmetry, splits the Fe
3d states into three orbital singlets (dyy, d.2,dy2_,2) and
a doublet (dy.,dy.), which yield the basis for the for-
mation of molecular orbitals (MO) of the corresponding
symmetry. Ignoring the antibonding orbital of x2? — y?
symmetry lying at too high energy [5], out of the four
remaining states one can construct four spin-triplets:
VL = (2,0} 02 dL), VB = (8,02 ddL), gy =
(d%,dy.dy.d2,) and *Byy = (d},d2_d2 d.,), where *E}?
are orbitally degenerate. Which one is the ground state
in the molecule is still being questioned, and this uncer-
tainty affects any model one can construct out of these
building blocks for a molecule in an epitaxial film.

Density functional theory (DFT) calculations have
shown that the above configurations are very close in en-
ergy so that the theoretically predicted ground state of

the FePc molecule/film depends on computational details
such as the exchange correlation potential and the way
self-consistency is achieved (e.g. constrained DFT) [5].
Measurements of the x-ray magnetic dichroism (XMCD)
at Fe-Los absorption edge showed a large, unquenched
orbital moment [3]. While accounting for the magnetic
anisotropy of the films, the crucial question of the ground
electronic configuration could not be answered from these
data. However these findings prompted the investigation
of the Fe-K edge XMCD, since this signal is known to be
sensitive only to the orbital moment [9].

In this letter, we show that this unique experimental
information, together with a detailed theoretical analysis
based on molecular orbital multiplet calculations, allows
us to determine the electronic ground state configura-
tion of the film. Indeed, the measured Fe-K edge XMCD
shows an anomalously large quadrupolar (E2) pre-edge
signal, which is fully incompatible with any of the pure
configurations listed above and other ground states pro-
posed earlier. Instead, it implies a large configuration
mixing between 3Eg and ?’Agg multiplets, whose rela-
tive amplitude can be estimated from the data, providing
a consistent model for the magnetic and orbital ground
state of the FePc film. As a by-product, the new state
predicts a further planar anisotropy of the orbital mo-
ment that breaks the equivalence of the x and y directions
in the plane and might have a bearing in future studies on
spintronics. This type of electronic configuration is very
hard to achieve, if not impossible, in the various DFT
schemes, which may explain why the electronic ground
state has been elusive so far.



The thin film sample in this work was prepared by
organic molecular beam epitaxy technique (details can
be found in Refs. [10, 11]). The FePc molecules on the
film lie parallel to the Au/sapphire substrate and stacked
in chains (see inset in Fig. 1 and Ref. [13]. The thickness
of the FePc film of the investigated sample was 133 nm.

X-ray absorption (XAS), and XMCD measurements
at the Fe K (7110.9 eV) edge on the FePc thin film
samples were performed at the ESRF ID12 beamline.
The APPLE-II undulator and a Si(111) double-crystal
monochromator were used to collect the spectra. The
energy resolution around the Fe-K edge energy region
was about AE/E = 2x107%. The spectra were recorded
by a fluorescence detector in backscattering geometry.

The XMCD signal was obtained by differences of XAS
spectra measured at T= 7 K with opposite helicities of
the incoming photons at a fixed magnetic field of 6 Tesla
applied along the beam direction, and orienting the field
in two opposite directions. The field is intense enough
to reach saturation of the FePc system [3]. In all cases,
the polarization rate was well above 99%. No radiation
damage of the sample was detected.

We distinguish between dipolar (E1) and quadrupo-
lar (E2) contributions of the XAS (XMCD) signal corre-
sponding to the Fe 1s to 4p and the 1s to 3d transitions,
respectively. It is known that the integrated XMCD sig-
nal at the K-edge is related to the ground state expecta-
tion value of the orbital moment for El-transitions and a
combination of its powers for E2-transitions [9]. Fig. la
shows pc(y), the normalized circularly polarized XAS
at the Fe K edge for two incidence angles v = 0° and
75°. At v = 0° the measured integrated intensity ratio is
I,,,/I;5, = 1.7(1). Fig. 1b shows instead the correspond-
ing XMCD spectra. In the dipolar region, at energies
above 7115 eV), the XMCD signal roughly follows the
absorption (and therefore the density of states, modulo
a smooth energy dependent atomic absorption) of the 4p
conduction band of FePc (see Fig. 1c¢) [12]. Peak A, ob-
served in grazing angle XAS and XMCD is correlated
with a p, level, while peaks B and C are mostly asso-
ciated to excitations to empty states within p,, band
levels.

While the dipolar XMCD signal shows the expected
behavior as seen by the good match with the Fe-p DOS in
Fig. 1c, the angular dependence of the quadrupolar signal
at 7112 eV is quite anomalous. First of all, contributions
from 3d-4p mixing are excluded, since the stack preserves
the inversion symmetry of the isolated molecule [13]. Its
intensity is maximum in normal incidence (y = 0°) and
tends to zero as v — 90°. Fig. 2b shows the signal at
three distinct incident angles while Fig. 2¢ gives the cor-
responding angular dependence of the integrated inten-
sity. It clearly follows a cos?~ behavior, given by the
dashed red curve. This result is quite surprising, since
quadrupolar sum rules at the K-edge [9] predict a signal
proportional to the angular momentum (and its powers)
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FIG. 1: a) (Color online) Normalized circularly polarized
XAS spectra at the Fe K edge on FePc film at T'= 7K and
uoH = 6T for incidence angles v = 0° and 75°. Upper inset:
FePc chains stacked on Au/sapphire substrate. Lower inset:
Schematic view of the XMCD experiment. b) Normalized
XMCD spectra. The applied field was uoH = 67T, parallel or
anti-parallel to the helicity of the beam for every 7. c¢) Cal-
culated density of states of p, (full line) and p,,, symmetry
(dashed line).

along the beam direction. Therefore, according to the ex-
perimental setting and the in plane anisotropy of the film
[3] (1> < ftz,y) the signal in grazing incidence should be
more intense than that in normal incidence, i.e. contrary
to experiment.

To tackle the problem we simply calculate ab initio
the molecular multiplets of a single FePc molecule. By
a self-consistent, non spin-polarized calculation based on
the multiple scattering theory (MST) code by Johnson &
Smith (JS) [14] we obtain the one-particle molecular or-
bitals to be used as a basis for a many-body hamiltonian
with Coulomb interaction. We focus on the molecular
orbitals (MO) with dominant Fe-3d contribution. We
denote these MOs by their Fe-d-orbital character in the
approximate Dg, point symmetry and order them ac-
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FIG. 2: a) (Color online) Quadrupolar absorption for both
helicities at (v = 0°). The average quadrupolar absorption
for v = 75° is shown for comparison. b) Intensity of the
quadrupolar XMCD signal at the Fe K edge on FePc film for
incidence angles v = 0°, 30° and 75°. ¢) Angular dependence
of the quadrupolar integrated intensity. A fit to a cos? v func-
tion is shown (dashed red curve). d) integral of the quadrupo-
lar XMCD as a function of the energy for various incidence
angles.

cording to their energy (in eV):

1) df,(~13.34 eV); 2) d,(~13.02eV);
3) dE.(—13.02 eV); 4) d%(~12.99 eV);
5) df,_,»(—10.55 €V) (1)

This energy order agrees with many recent DFT cal-
culations [15]. The five MOs above times a spin-function
(indicated by the & superscript) form the single-particle
basis for our multiplet calculation. We consider the space
of all C}Y = 210 Slater determinants (SD) in which six
out of the ten spin-orbitals are occupied, corresponding
to a nominal Fe?t configuration. In this sub-space the
many-body hamiltonian containing the MO levels and

the Coulomb interaction is diagonalized. The Coulomb
matrix elements are calculated ab initio from the MO
wave functions, omitting the monopole term of the mul-
tipole expansion, which is already included in the MO
energies through the Hartree potential in the MST cal-
culation.

The lowest lying multiplet eigenstates and excitation en-
ergies are listed in Table I. Spin singlet and triplet states
are denoted by SS and ST, respectively, and ’fs’ stands for
the filled core states and bonding orbitals. For the wave
function, only the main component SD is given, where
an hyphen indicates a missing electron. The amplitude
of this component is 0.9 or more in all cases, implying
that all triplet states are almost pure SD. In agreement
with Ref. [5], we find that the ground state is an orbital
singlet 3 Ay, followed by an orbitally degenerate state of
3E, symmetry 0.093 eV higher. The first state of 3By,
symmetry is orbitally nondegenerate and involves the ex-
citation of a spin down orbital d,, to an orbital of Ej
symmetry. The calculated excitation energy of 0.82 eV
is about ten times larger than that reported in Ref. [5].
The reason for this disagreement is not clear to us, but a
rather large excitation energy is expected from the fact
that the d,,, level lies by 0.32 €V below the d,,/d,. level.

The dots in Table I stand for three singlet and four
quintet states (S=2), with excitation energies between
0.82 and 1.45 eV. The second By, is orbitally degenerate
and is mentioned here because it is suggested as a possi-
ble ground state in Ref. [6] in a parametric ligand field
approach.

We now assume that, due to the perturbation of the
nearest layers in the stack, the three lowest molecular
states Agg and Ey1, Ego mix together in the new ground
state. Indeed, judging from the the width of the band
along the stack direction [16] the perturbation brought
about by the neighboring molecules to the one under con-
sideration must be of the order 0.4 ~ 0.5 eV.

It is then reasonable to write the ground state |GS)
for a molecule in the stack as a spin triplet

1
GS) = ————{(1-iB)|Azy) + B|EL) +i|EZ)} (2
|GS) 2(1+ﬂ2){( B)|Azg) + B1Eg) +ilEG)} (2)
where the SD corresponding to the states
|Ag), |E),|EZ) are those of Table I.  The real pa-

rameter —1 < 8 < 1 reduces the Dy symmetry of the
isolated molecule (which is restored for 8 = +1) to that
of the stack (containing only space inversion).

In calculating the orbital momentum averages (see SM
I), it is interesting that (G\S|L,|GS) picks up a non-zero
contribution only from the combination S|E}) + i|E}),
(GS|L,|GS) from 3| Agy)+B|E,), and (GS|L,|GS) from
|Agg) +4|E2).

In MST the charge contained in the muffin-tin sphere
Qis Ay = a2 [,r?*R3(r)dr = 2R}, where Ry(r) is the
radial wavefunction for [ = 2, and «, the amplitude for
orbital symmetry s. By using Table I in SM I, the values



TABLE I: Eigenstates and Excitation Energies of the Molecular Orbital Multiplet Calculation

Energy (eV)|Degeneracy SD main component symmetry
E= 0.000 3 (ST) Ifs...d3ydoyda, — dy. —dl,d_,) Agyg
E=0.093 | 3 (ST) Ifs...dy doydi, — dif.dy.d,) E}
E= 0.093 3 (ST) Ifs...dSydoydi.dondyf, — d ) E;
E= 0.612 1(SS) | J5(fseddydiydi. — —dy.dbdy) — |fs...dfydyy — dindy. —dhd,)) | Az
E= 0.702 1(s8) | g5(fs...dfydyydl.d,. — —dd2,) + |fs..diydy, — —di.dy.dl,d ) Az
E= 0.821 3 (ST) \fs...df, — di.d,.d}.d,.d},) Bay
E= 1.451 3 (ST) Ifs...d7, — dif.do.d), —dl,d,) Bs,
E= 1.451 3 (ST) |fs...d}, —di, — d.d,.d}d2,) B3,

of the relevant matrix elements for the orbital momen-
tum can be evaluated: (EJ|L.|EZ) = —iag.a,.R3 and
(Agg|La| B}y = (Agg|Ly|E?) = —iv/3a,20.R3. Denot-
ing A\g, = amzayzﬁg7 and taking into account that by
symmetry a, = ., we find:

_ B,
<GS‘LZ|GS> = TBQ)\EW

B 3.
(GS|L.|GS) = 3 6‘”/ o,

1 [3).
(GS|L,|GS) = T 2\ 3y Ee 3)

implying that the orbital moment is roughly proportional
to the charge of symmetry E, contained in the Fe muffin-
tin (MT) sphere. Moreover, since (GS|L,|GS) = pt and
L1((GS|L,|GS) + (GS|Ly|GS)) = pll, we find

pl 1482 [3A 1452 )
pt 283 AR, g
where in the last step A2 = 0.8 and Ag, = 0.6, obtained
from the MO calculations, was used. Experimentally [3]
we have pt = 0.29 4+ 0.05 and pl = 0.53 £0.04 up so
that 0.5 < |5| < 1 within experimental errors.

With this hypothesis for the GS, we can calculate the
quadrupolar absorption and dichroism from the Fe K-
shell. In order to determine the possible final states, we
need to excite a 1s electron (with both spin values) up
to an empty orbital state. We find

|F) = |1st...df,dy,di.d, df.d, dY)

|Fy) = |1s+... diyd;ydjzdgzd;z — d;d;)

\Fy) = [1sT.. df,dy,dt.d,,d], —d;d;Ly2>

|Fy) = |1st..df,dy,df, —df.d, .dhd)

Fa) = % dfydyydf, —dy, — dhdLdh ) (5)

We assume that these states are good approximate eigen-
states of the molecule in the stack, due to its strong
ligand-field regime.

We shall consider first normal incidence, where a very
strong quadrupolar dichroism has been observed, as
shown in Figs. 1 and 2. In this case, the quadrupolar
transition operator (k - r) (e - r) for circular polarized
light becomes —z(x F iy)/v/2.

Transitions to final states |Fy), |F3) and |Fy) are only
possible from state |Aa,) with only one of the operators
zx, 2y, or not allowed at all. Therefore, there is no in-
terference in the matrix elements of the transition and
It =TI~ (no dichroism). We are left with the final state
|F1) and the component $|Ej) + i|E2) of the initial GS.
The transition probability for this case, using RSH for
the transition operator, is

471'1 o C o S
= A€§Z|<G51s |(Y5y FiY5) | FY)

2

)\Eg (6)

where A = 4n?hwak? /3 and the radial matrix element is

(1s]r?|3d) = Ro2+\/AEg-

JFrom eqn. (6), the dichroism is:

_ A p
AIl == Il+ _ Il = gROQTmAEg. (7)
This value is equal to the ground state expectation value
of the operator 3L, + 20, introduced by Carra et al
[9], as shown in the SM II.

The previous derivation shows that a non-zero
quadrupolar XMCD in normal incidence requires a com-
mon final state to which transitions are possible from
two initial state components with a phase difference of
exp (im/2). For the other two transitions, showing ab-
sorption but not dichroism (|GS) — |Fy), |F3)) we find

A R
Iy = -2 Apgg(1+ 8 8
2,3 5(1+62) EQ( +ﬁ) ()

since transitions are only allowed from the |Ay,) com-
ponent of |GS). Therefore the area under each helic-
ity peak in Fig. 2a is proportional to 3(1 + 32) + 23,



and from the measured ratio I,,,/I;}, = 1.7(1), we derive
|8 = 0.49 + 0.08. Substituting this value in Eq. (3) one
obtains p = 0.60 £ 0.08 up and ull = 0.23 +0.03 up in
excellent agreement with the experimental values. This
step quantitatively determines the ground state |GS) of
the FePc molecule in the stack [13], within our approxi-
mations.

Finally, we shall consider quadrupolar absorption and
dichroism in grazing incidence. With light incident in the
x direction the transition operator is (zz + izy)/v/2. In
order to take into account the random in-plane orienta-
tion (¢) of the molecules in the polycrystalline sample,
we need to calculate the matrix element (GS|R, (¢)"(z2+
izy)R,(P)|Fi) = (GS|(xz cos ¢ — yzsin @) + i[xy cos 2¢ +
1(2? — y*)sin2¢]|F;). Inspection of the possible final
states in (5) shows that no transition is possible involv-
ing both the real and imaginary part of the transition
operator. Therefore there is absorption but not dichro-
ism, in excellent agreement with the experiment. As a
consequence (GS|3L, + 204aq|GS) =0 for a = z,y, as
shown in SM II, Eq. (17).

Notice that the absence of quadrupolar dichroism in
grazing incidence is mainly due to the fact that the
SD’s appearing in the GS (2) all have the molecular
orbital d., doubly occupied. If we relax this condi-
tion, we might construct a new ground state by replac-
ing in Eq. (2) the state |Agy) with |Bag). It would
be then possible to have transitions to the final state
|F) = [1st..df,dy,dY.d; d}.d, dY) from state |E})
with operator 2z and from |Byg) with operator xy, get-
ting interference, and dichroism, contrary to experiment.

JFrom Eq.s (7) and (3) we see that at v = 0° the signal
is proportional to the expectation value of (L.), like for
a dipole transition. This can be related to the fact that
in the state (2), the expectation value (O...) appearing
in Carra’s sum rule, is proportional to (L,). Similarly
in the perpendicular direction (Oyaq) is proportional to
(Lo) (a = z,y) (see Eq.s (13) and (16) in SM II). At
an angle 7, in the conditions of the experiment (saturat-
ing magnetic field along the incident photon direction),
pr = pio cos®y + p sin?+y [3]. Therefore this relation
translates into AI(y) = AI(0°)cos?y + AI(90°)sin®~
and since AT(90°) = 0, we obtain the observed behavior.

Summarizing, the ab initio calculation of molecular
multiplets in the FePc isolated molecule has allowed us
to establish that only three states (| Azg),|E,?)) are close
enough in energy to be mixed by the stack perturbation.
An ansatz on their coupling, inspired by spin-orbit inter-
action, but with different coefficients due to the external
perturbation, has allowed us to guess the minimal struc-
ture of the magnetic ground state of the molecule in the
film that explains the quadrupolar XMCD data at the
Fe K-edge and reproduces the observed values of the or-
bital moments in the perpendicular and planar direction.
In particular the angular dependence of the quadrupo-
lar XMCD signal can only be explained with a double

occupied dg, molecular orbital, which implies that Bs,
multiplets have negligible weight in the ground state.
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