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Molecular magnets incorporate transition-metal ions with organic groups providing a bridge to mediate magnetic
exchange interactions between the ions. Among them are star-shaped molecules in which antiferromagnetic couplings
between the central and peripheral atoms are predominantly present. Those configurations lead to an appreciable spin
moment in the nonfrustrated ground state. In spite of its topologically simple magnetic structure, the [CrIIIMnII3
(PyA)6Cl3] (CrMn3) molecule, in which PyA represents the monoanion of syn-pyridine-2-aldoxime, exhibits nontrivial
magnetic properties, which emerge from the combined action of single-ion anisotropy and frustration. In the present
work, we elucidate the underlying electronic and magnetic properties of the heteronuclear, spin-frustrated CrMn3
molecule by applying X-ray magnetic circular dichroism (XMCD), as well as magnetization measurements in high
magnetic fields, density functional theory, and ligand-field multiplet calculations. Quantum-model calculations based
on a Heisenberg Hamiltonian augmented with local anisotropic terms enable us not only to improve the accuracy of the
exchange interactions but also to determine the dominant local anisotropies. A discussion of the various spin
Hamiltonian parameters not only leads to a validation of our element selective transition metal L edge XMCD spin
moments at a magnetic field of 5 T and a temperature of 5 K but also allows us to monitor an interesting effect of
anisotropy and frustration of the manganese and chromium ions.

1. Introduction

Magneticmaterials comprising nanosizedmolecular build-
ing blocks have attracted large interest from several scientific
disciplines. Chemically stable free radicals incorporated in
purely organic compounds reveal long-range magnetic inter-
actions at low temperatures. The flexibility available in
carbon chemistry is exploited to synthesize such compounds.
The most promising molecular magnets are polymetallic

clusters, containing transition-metal ions bridged by mole-
cular groups to mediate exchange interactions between the
paramagnetic centers. Such interactionsmay result in ground
states with a relatively large total spin (S).1

Compared to other transition metals, complexes contain-
ing manganese ions are especially often characterized by
ground states with large magnetic moments, and this in
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conjunction with the presence of highly Jahn-Teller dis-
torted Mn ions makes manganese clusters ideal candidates
for high-spin molecules.2 Due to the combined action of
intramolecular exchange and large negative (easy-axis-type)
magnetoanisotropy (D), the phenomenon of single-molecule
magnetism (SMM) arises for such compounds, for which a
significant barrier to thermally activated magnetization re-
laxation is characteristic.3

Very intensively investigated molecular magnets are the
dodecanuclear complexes [Mn12O12(O2CR)16(H2O)x]

n- (n=
0, 1, 2; x=3, 4), but alsomanganese-containing polymetallic
clusters with nuclearity ranging from 2 to 84 have been
synthesized and reveal a large spin ground state and magne-
toanisotropy.4 The up to date highest blocking temperature is
reached in hexanuclear manganese compounds.5,6 Because
these molecules display not only a magnetization hysteresis
but also quantum tunneling of magnetization (QTM)7,8 and
quantum interference,9 they are promising new materials for
practical applications like ultradense magnetic data storage,
quantum computing, or other interesting devices.10-12 These
properties are governed by the already mentioned magnetic
anisotropy barrier of the magnetic core, which originates
from the spin-orbit coupling in the paramagnetic ions in a
high-spin state.13 For a better understanding especially of
the microscopic mechanisms, experimental and theoretical
investigations in high-spin molecules are required.
Regarding the interplay of topology and exchange inter-

actions in polynuclear high-spin clusters, another interesting
effect can be observed: magnetic frustration which appears
due to, e.g., triangular arrangements of antiferromagnetic
exchange pathways.14 Geometric frustration of interacting
spins leads to a variety of fascinating phenomena14-16 in low-
dimensional andmolecularmagnetism: (1) a nontrivially, i.e.,

orbitally, degenerate ground state;17,18 (2) many low-lying
nonmagnetic excitations below the first triplet excitation;19

(3) magnetization plateaus of the magnetization curveM(B)
at T = 0;24 (4) large magnetization jumps at T = 0;24

(5) (quantum) phase transitions atT=0.16 These phenomena
do not occur in so-called bipartite spin systems, i.e., spin
systems that can be divided into two sublattices.20-22 Very
prominent examples of geometrically frustrated spin systems
exhibiting a rich spectrum of frustration phenomena are the
giant Keplerate molecules.23-25

The present publication is devoted to the study of the
electronic and revisited magnetic properties of an amazing
manganese-containing high-spin molecule: the spin-frustrated
star-shaped heterotetranuclear CrIIIMnII3 complex.26 The
investigations of topologically similar, but chemically differ-
ent, ferric and manganese star-shaped molecules show
that there are star-shaped molecules in which predominately
antiferromagnetic couplings of the central ion with its peri-
pheral neighbors lead to an appreciable spin moment in
the nonfrustrated ground state.27-29 In spite of its topo-
logically simple magnetic system, the [CrIIIMnII3(PyA)6Cl3]
molecule (CrMn3) exhibits the above-mentioned nontrivial
magnetic properties, single-ion anisotropy and frustration,
bearing interesting consequences for the chromium ion.
The tetranuclear complex contains three Mn2þ ions (3d5,

high-spin,S=5/2) and a singleCr3þ ion (3d3, high-spin,S=
3/2). The expected saturation magnetization is actually
reached at a magnetic field of about 12 T at 1.8 K. The
special form of the magnetization curve gives rise to the
assumption that anisotropy and frustration effects are of
great importance.
Here, we show that X-ray magnetic circular dichroism

(XMCD) is a very powerful technique to study hetero-
nuclear molecule-based magnets because of its generally
high sensitivity to the local electronic structure, andmoreover
by the force of element and shell selectivity of the Mn2þ

and Cr3þ ions in our case. Furthermore, XMCD is one of the
rare experimental methods to determine element-selective
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spin and orbital moments separately in heteronuclear
systems.30,31

This article is arranged as follows. In section 2, we give a
brief overview of the molecular structure and basic magnetic
properties. Later on, the experimental and theoretical pro-
cedures are described in section 3. We present a detailed
analysis of the advanced magnetic properties by means of
magnetization measurements using a high-magnetic-field
extraction technique (up to B = 14 T). On the basis of the
high-field measurements, theoretical simulations using an
anisotropic spin Hamiltonian are presented. These simula-
tions enable us not only to supply accurate values of
the exchange interactions but also to determine the dominant
local anisotropies. A discussion of the various spin-
Hamiltonian parameters leads to a validation of our ele-
ment-selective transition-metal L-edge XMCD spin-moment
contribution presented in section 4. Here, we also provide
charge-transfer multiplet model calculations for the chro-
mium L edge to discuss the valence and crystal-field excita-
tions, alongwith the results of calculations, within the density
functional theory, of spatial spin density. Finally, we end up
with our main conclusions in section 5.

2. Structure and Magnetic Properties of [CrIIIMnII3-
(PyA)6Cl3]

The synthesis and structure refinement of the present
heterotetranuclear complex have been carried out at the
Max-Planck-Institute for Bioinorganic Chemistry at
M€ulheim a. d. Ruhr, Germany. Khanra et al. reported
earlier magnetic and HF-EPR measurements of this spin-
frustrated compound.26 The tetranuclear star-shaped
complex [CrIIIMnII3(PyA)6Cl3] (CrMn3) molecule con-
tains a CrIIIMnII3 trigonal core with a Cr(1) atom sur-
rounded by three Mn(1) centers at the apexes of an
equilateral triangle (Figure 1), so that the cluster com-
prises the C3 symmetry. The three Mn(II) ions form an
equilateral triangle with the Cr(III) ion placed above the
Mn-Mn-Mn plane (chlorine atoms below). The periph-
eral manganese centers, 6-fold coordinated in highly
distorted MnOClN4 cores, are linked through the oxi-
mate (μ2-O-N) group. Each Mn(II) ion is linked to the
central Cr(1) atom through two oximate (N-O) and one
μ2-Oox donor. The central chromium atom Cr(1) is in
almost perfect octahedral coordination. The six oximato
oxygen ligands (deviation from 90� being less than 1.8�),
O(1), and O(11) and their equivalents are pendant from
the three peripheral Mn(PyA)2 fragments. It was con-
cluded that the CrMn3 complex contains a CrIIIMnII3
(high spin) core.26

The magnetization of a polycrystalline CrMn3 sample has
beenmeasured between 2 and 290K inmagnetic fields of 1, 4,
and 7 T. EPR spectra have been collected at a temperature of
10 K in magnetic fields up to 15 T and in a frequency range
between 19 and 388 GHz. The investigations revealed the
following conclusions:

The exchange interactions JCrMn = -0.29 cm-1 and
JMnMn = -0.07 cm-1, defined by eq 1 and shown as

J1 and J2 in Figure 2, are weakly antiferromagnetic.
This is not common among Cr(III) and Mn(II) ions in
triply oximato-bridged complexes.32

The experimental magnetization data could not
be simulated without taking into account exchange
interactions between the Mn(II) spins connected
through an oximate bridge, although the peripheral
Mn 3 3 3Mn distances are long at 5.49 Å. A zero-
field spitting parameter D of -1 cm-1 was found
from the magnetic measurements in agreement with
the HF-EPR measurements.26 For a more detailed
structural and magnetochemical characterization,
see ref 26.

Figure 1. Two perspective views of the [CrIIIMnII3(PyA)6Cl3] molecule.
The labeling O1, O11, and N2 is after ref 26. The figure was created with
the XCrySDen software.57

Figure 2. Schematic structure of the CrMn3 molecule. The central
chromium spin is antiferromagnetically coupled by J1 = JCr-Mn to the
three surrounding manganese ions (solid lines). The manganese ions are
coupled antiferromagnetically with each other by the exchange inter-
action J2 = JMn-Mn (dashed lines). The dominant local anisotropy axes
are given by the unit vectors eBk.
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3. Experimental and Theoretical Procedures

3.1. Experimental Methods. 3.1.1. X-Ray Spectroscopic

Techniques. The XMCD spectroscopy was performed at
the elliptically polarizing undulator beamline 4.0.2 of the
Advanced Light Source (ALS), Berkeley, California.33 The
samples were mounted into a cryostat equipped with a 6-T
superconducting magnet;34 the sample stage was connected to
a pumped helium cryostat reaching base temperatures of
around 20.0 and 5.0 K during the experiments presented here.
The measurements at the Mn L edge have been recorded
under external magnetic fields of different strengths in the
total electron yield (TEY) mode.

3.1.2. Magnetization Measurements. The magnetization
measurements were performed in a commercial PPMS magnet-
ometer (Quantum Design, 6325 Lusk Boulevard, San Diego,
CA 92121-3733) equippedwith a superconducting 14-Tmagnet.
Themagneticmoment of the samples was determined by use of a
DC extraction-mode technique after careful temperature and
field stabilization. For each measurement, the sample was
moved at a high, uniform speed through a detection coil set.
The sample moment was then derived from the recorded profile
of induction voltage versus sample position. Each measurement
at fixed temperature and magnetic field was performed five
times in rapid succession, in order to obtain an averaged value
for better resolution.

3.2. Theory. 3.2.1. Density-Functional Theory. The elec-
tronic structurewas calculated by use of the generalized gradient
approximation of the density functional theory,35,36 using the
SIESTA (Spanish Initiative for Electronic Simulations with
Thousands of Atoms) calculation method.37,38 More details
and results will be published elsewhere alongwithX-ray electron
and emission spectroscopic data.39

3.2.2. Ligand-Field Multiplet Model. The XAS lineshapes of
the chromium L2,3 edge were simulated within charge transfer
multiplet-model calculations (CTM) using the TTmultiplet
program.40 First, the energy levels of the initial state (2p63d3)
and final state (2p53d4) were calculated in spherical (O3) sym-
metry. The parameters include the spin-orbit coupling of the 2p
core and 3d valence-band electrons, the 3d3d as well as the 2p3d
Slater integrals in the initial and final states. The d-d and p-d
integrals were reduced to 80% of their atomic Hartree-Fock
values, whereas the spin-orbit parameters were not reduced.
Then, a cubic crystal field (Oh symmetry) of 10 Dq = 2.2 eV
strength was considered in the crystal-field approach. Finally,
a charge transfer configuration 3d4L was considerd. The
energy difference between the two configurations E(2p63d3) -
E(2p63d4L) = Δ was set to 4.0 eV. For comparison with
experimental results, the lifetime broadening of the 2p core hole
and the resolution of the spectrometer were taken properly into
account.

3.2.3. Simulations with Anisotropic Spin Hamiltonians.
In order to model the spin system of CrMn3, the following

microscopic spin Hamiltonian has been used6,41,42

H ¼ -2
X

k<l

JklsBk 3 sBl þ
X

k

dkðeBk 3 sBkÞ2 þ μB
X

k

BB 3 gk 3 sBk ð1Þ

The first term accounts for the superexchange coupling
between the paramagnetic centers (Heisenberg term). For
CrMn3, we employ two couplings: JCr-Mn for the interaction
of the central chromium spin with the three surrounding
manganese ions (solid lines in Figure 2) and JMn-Mn for the
interaction between the manganese ions (dashed lines in
Figure 2).

The second term in eq 1 models the single-ion anisotropy of
Mn and Cr, respectively, by means of the dominant axis of the
local anisotropy tensor (so-called D term). The unit vectors eBk

set the directions of the local anisotropy axes. The prefactors dk
denote the strength of the local anisotropy; a negative value
corresponds to an easy axis, a positive one to a hard axis. The
last term in eq 1 reflects the interaction with the applied
magnetic field (Zeeman term). In this work, we assume an
isotropic g tensor. Since we investigated a powder sample, an
orientational average is applied using discrete Lebedev-Laikov
grids.43

Wehave also performed classical spin-dynamic simulations in
order to investigate the field-dependent classical ground state
and low-temperature properties, in particular to study the role
of the exchange couplings and anisotropies for certain tempera-
tures and external magnetic fields. We write the Hamiltonian of
the classical system as

Hc ¼ -2
X

k<l

Jc
klmBk 3mBl þ

X

k

dc
kðeBk 3mBkÞ2 þ μc

X

k

BB 3mBk ð2Þ

The spinsmBk are classical unit vectors whose orientations are
specified by the polar and azimuthal angles, θi and ji, all
extending from0 toπ and 0 to 2π, respectively. TheHamiltonian
of eq 2 provides the classical counterpart to the quantum
Heisenberg model eq 1. This correspondence is achieved by
replacing in eq 1 all quantum spin operators by
sBk ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

skðsk þ 1Þp
3mBk, with sk describing the spin quantum

number of a given ion.44 It thus follows that Jc
kl ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

skðsk þ 1Þslðsl þ 1Þp
3 Jkl and dk

c=sk(skþ1)dk; moreover, the
quantity μc in eq 1 is given by μc ¼ ðgkμBÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
skðsk þ 1Þp

where
gk is the Land�e g factor for a given ion and μB is the Bohr
magneton. We have checked the applicability of our classical
treatment by comparing the results of classical Monte Carlo
calculations with the above-described exact quantum model
calculations.

Furthermore, we have studied the low-temperature field-
dependent spin dynamics. An effective method for investigating
this property is to use the numerical solution of the stochastic
Landau-Lifshitz equation which simulates the time evolution
of the spin system coupled to the heat bath. Fluctuating fields
with white noise characteristics are used to account for the
effects of the interaction of the spin system with the heat bath.
Those environmental degrees of freedomare also responsible for
the damped precession of the magnetization parametrized by a
phenomenological damping factor.
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4. Results and Discussion

4.1. Magnetization Measurements and Anisotropic
Spin-Hamiltonian Simulations. Some gross properties of
the magnetic heterotetranuclear complex [CrIIIMnII3-
(PyA)6Cl3] have been investigated previously. It has
been found that, besides a dominant antiferromagnetic
exchange interaction between the central chromium spin
(sCr = 3/2) and its surrounding manganese spins (sMn =
5/2), a frustrating antiferromagnetic coupling between
the manganese ions exists.26 A sizable zero-field splitting
was also inferred from EPR measurements. In this sec-
tion, we report on detailed investigations of the micro-
scopic parameters of CrMn3.
For a more detailed study of the magnetic properties of

CrMn3, the magnetization of a polycrystalline sample has
beenmeasured at highmagnetic fields by using a standard
inductive method. Magnetic fields from 0 to 14 T at
temperatures of 1.8, 4.2, 10, 20, and 50 K have been
applied. The results are shown by symbols in the upper
panel of Figure 3. The observed magnetic-field depen-
dence of the magnetization as well as the field needed to
reach saturation at 18 μB (sCr=3/2, 3sMn=5/2) reflects a
nontrivial magnetic interaction between the magnetic
ions.NearB=0, a detailed analysis revealed nomagnetic
hysteresis.
The high-field magnetization measurements enable us

not only to determine accurately the exchange interac-
tions but also to determine the dominant local anisotro-
pies. To this end, Hamiltonian 1 is used. Following ref 26,
we assume that CrMn3 possesses C3 symmetry; i.e.,

the exchange coupling JCr-Mn of the central chromium
is the same for all three surrounding manganese ions, and
JMn-Mn is equal between the latter. For the local aniso-
tropies, this symmetry implies that the anisotropy axes of
the manganese ions share a common angle ϑ with respect
to the C3 axis of the molecule. The azimuthal angles φκ
differ by 120� between adjacent spins. Their exact orien-
tation relative to the molecular skeleton cannot be speci-
fied since neither the two other principal axes of the d
tensor (so-called E-terms) nor the coupling of spins to
orbital/structural parameters have been included in
the spin-Hamiltonian. For chromium, the C3 symmetry
implies that its anisotropy axis coincides with the rota-
tional one of the molecule. Using these assumptions,
we arrive at a fit describing best the magnetization data
shown in Figure 3 (top panel) for JCr-Mn =-0.29 cm-1,
JMn-Mn = -0.07 cm-1, dMn = -1.05 cm-1, ϑMn = 15�,
and dCr = 0.40 cm-1. We used gMn= 2.0 and gCr = 1.95
as in ref 26. The exchange couplings differ somewhat from
those found in ref 26, since we now have incorporated the
local anisotropies in the spin Hamiltonian, eq 1. On first
glance, it is astonishing that Mn(II) with a half-filled
d shell should have an anisotropy as large as dMn =
-1.05 cm-1. However, the 6-fold coordination of the
manganese ions in CrMn3 results in a highly distorted
MnOClN4 core. In such a distorted local environment,
Mn(II) can reach anisotropies of up to 1.5 cm-1, as has
been shown in recent investigations.45,46 Concerning ϑMn,
we would like to mention that there are Mn-Cl bonds
pointing out of the Mn3 plane, and it is well conceivable
that the directions of theMn anisotropy axes are fixed by
the Cl ions. The accuracy of the fit depends differently on
the various parameters. Variations of the exchange para-
meters as well as of the manganese anisotropy strength
have drastic consequences, whereas variations of ϑMn and
of the chromium anisotropy do influence the fit only
mildly. We assumed isotropic g tensors for simplicity.
An inclusion of an improved g tensor, reasonably deviat-
ing from 2.0, might modify the obtained values, but not
much.
The theoretical results with the above parameters

(solid lines) are compared to the experimental data
(symbols) in the upper panel of Figure 3. We would like
to discuss the influence of the various spin-Hamiltonian
parameters on the magnetization. To this end, we show
for T = 1.8 K, as a dashed-dotted curve, the result
corresponding to the case where only the coupling
between the manganese and chromium ions is consid-
ered, and all other terms are set to zero. Such a system
would be bipartite, i.e., nonfrustrated. An inclusion of
the manganese-manganese coupling results in a weak
frustration. The result is depicted by the dashed curve;
the deviation from the bipartite system is largest at low
fields. The dotted curve, which is hardly visible on top of
the solid line, presents the result for the case of manga-
nese anisotropies included as well. The chromium an-
isotropy then contributes only a minor improvement
to the final fit.

Figure 3. Top panel: Magnetic-field dependence of the magnetization
per [CrIIIMnII3(PyA)6Cl3] molecule. The experimental data for various
temperatures are given by symbols. The lines represent theoretical
estimates using the parameters given in the text. Bottom panel: Theore-
tical estimates of the localmagnetizationof the centerCr ion in theCrMn3
magnetic core for various temperatures. See text for more details.

(45) Duboc, C.; Collomb, M. N.; P�ecaut, J.; Deronzier, A.; Neese, F.
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Referring to the lower panel of Figure 3, we discuss the
theoretical behavior of the chromium moment as a func-
tion of field for the same temperatures as in the top panel.
At a low temperature (T = 1.8 K) and fields below 3 T,
the chromiummoment points predominantly opposite of
the field direction. This can be understood from the fact
that the three dominating manganese moments align them-
selves along the field direction, whereas the Cr moment, that
is antiferromagnetically coupled to each of latter, points in
the opposite direction. Thus, the Cr moment is largely
reduced by frustration and anisotropy. For T = 1.8 K,
indeed, the bipartite case (only JCr-Mn 6¼ 0) shows the largest
antiparallel alignment. The frustration due to JMn-Mn re-
duces the Cr moment somewhat. The largest impact arises
from the manganese anisotropy, which reduces the chro-
mium moment at B= 2 T by about a factor of 2. Counter-
intuitively, the chromium anisotropy has little influence on
the chromium moment (dotted curve). Due to the given
functional dependenceof the chromiummoment, its expecta-
tion value virtually vanishes in certain temperature and field
regions, i.e., around 5 K and in fields of up to about 4.
To discuss the uniaxial anisotropy, we refer to Figure 4,

which shows the energy eigenvalue spectrum of the
CrMn3 magnetic core. Since the Hamiltonian is aniso-
tropic, these eigenvalues do not belong to multiplets of
the total spin. Nevertheless, they can be correlated with
the total magnetization of the respective eigenstate, which
depends on field. In order to split possible degeneracies,
we present the eigenvalues at a rather small field of Bz =
0.2 T along the molecularC3 axis. As can be derived from
the data and qualitatively seen in the figure, the total
ground state at B = 0 is 2-fold degenerate with a
magnetization of approximately (12 μB.
One can also see that these states do not belong to a

well-separated ground-state multiplet, which is only split
by anisotropy terms. On the contrary, the spectrum is
rather dense. If one would try to attach an anisotropy
barrier to the two ground states (M ≈ (6) and the next
higher-lying states with M ≈ (5, one would arrive at an
anisotropy barrier as given by the solid line in Figure 5.
The corresponding zero-field splitting parameter is D =
-0.575 K. Nevertheless, this discussion is purely ficti-
tious. What would be needed to constitute a single
molecule magnet is that the local Mn anisotropy axes
would be aligned parallelly.

In Figure 5, we show the classical ground-state confi-
guration ofCrMn3 as obtained by classical spin-dynamics
simulations atT=0andB=0.The local anisotropy axes
are depicted as yellow sticks. According to the model
parameters, the strong easy-axis anisotropy dominates
the orientation of the manganese spins in an up-up-
down fashion, almost independent of the rather weak
exchange interactions in the system. Only a very small
canting with respect to the anisotropy axes is visible. The
easy-plane anisotropy of the central chromium spin be-
comes apparent, with a small canting in the direction of
the downward pointing manganese spin. This situation
changes when an external field is applied. In Figure 6, we
show simulation results for the spin orientations in an
external field of 5 T applied along two different direc-
tions. Compared to the ground state at 0 T, one manga-
nese spin is flipped, so that the up-up-down
configuration is replaced by an up-up-up configuration
in both cases. At 5 T, the Zeeman energy is much larger
than the exchange interactions between all spins. How-
ever, the system is not yet fully saturated due to the fact
that the anisotropy is still important.

Figure 4. Energy spectrum of the CrMn3 magnetic core evaluated at a
magnetic field of Bz = 0.2 T to separate degenerate states. The solid line
shows a fictitious anisotropy barrier derived from the two lowest-energy
eigenvalues on either side. The corresponding zero-field splitting para-
meter of these curves is D= -0.575 K.

Figure 5. Classical ground-state configuration ofCrMn3 as obtained by
spin dynamics simulations at T = 0 and B = 0.

Figure 6. Classical ground-state configuration ofCrMn3 as obtained by
spin-dynamic simulations atT=0 and an external field B=5T applied
in different directions.
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We performed as well finite-temperature Monte Carlo
and spin-dynamic simulations. For temperatures not too
low (T ≈ 5 K), our classical Monte Carlo simulations
show qualitatively the same results as the “exact” quan-
tum calculations. In particular, the element-specific mag-
netization curves show a vanishing local moment at the
central chromium site at around 5 T. By using our
stochastic Landau-Lifshitz method, we can directly
study the time evolution of the classical spin system
coupled to a heat bath at this field value. Here, we find
a rather large and “stiff” local magnetic moment at the
manganese sites; i.e., thermal fluctuations have little
influence on the spin-vector motion due to the large local
anisotropies. In contrast to this, the central chromium
spin-vector motion is heavily influenced by thermal fluc-
tuations.47 We have found that its net moment is only
nonzero for the component in the external field direction.
Therefore, an orientational average would lead to a
vanishing moment as derived from our magnetization
data and as observed in our XMCD measurements (see
below).

4.2. X-Ray Magnetic Circular Dichroism. In this sec-
tion, we report on our detailed study of the XMCD
transition-metal L2,3 spectra of the paramagnetic centers,
manganese and chromium, in the CrMn3 complex. The
Cr XAS spectrum of CrMn3 is compared to ligand-field
multiplet model calculations, whereas the Mn XMCD
spectra are matched to the spectra and corresponding
CTM calculations of our earlier investigations of a star-
shaped St = 10 high-spin molecule with a MnII4O6 core
(MnStar).29 For this polymetallic complex with very
weak exchange coupling, it was possible to probe almost
the complete magnetic moment at the manganese ions by
XMCD, yielding a giant total magnetic moment of 20 μB
per molecule.
The CrMn3 and MnStar Mn L2,3 X-ray absorption

spectra excited by soft X-rays with 90% left and right
circularly polarized light measured at 5 T and 5 K are
presented in the top panel of Figure 7. The bottom panel
displays the corresponding XAS spectra and the dichroic
signals. The experimental spectra are given by circles and
squares for CrMn3 and MnStar, respectively. The Mn2þ

CTM calculations have been taken from Khanra et al.29

In contrast to these calculations, it was not possible to
reproduce the Mn L-edge XAS spectra of CrMn3 assum-
ing neither Oh nor even the C4h symmetry. A highly
distorted 6-fold OClN4 coordination of the MnII ions
leads to a strongly anisotropic exchange field, and the
CrMn3 CTM calculations become challenging. In the
lower panel of Figure 8, we compare the sum (XAS) over
the two helicities shown in the top panel and the dichroic
(MCD) signals of CrMn3 (circles) and MnStar (squares).
The characteristic two Mn L edges visible at about

640 and 652 eV originate from the spin-orbit coupling of
the 2p shell representing the 2p3/2 and 2p1/2 to 3d transi-
tions. In detail, the Mn L3,2 XAS comprises six main
features: a shoulder at approximately 639.0 eV, theMnL3

main peak at 640.0 eV, two additional L3 shoulders at
higher energies of 641.0 and 643.5 eV, and two peaks at
the L2 edge at 650.0 and 652.5 eV. This sequence holds for both theCrMn3 andMnStar XAS spectra, clearly reveal-

ing the Mn2þ (3d5) valence state by force of the fact that
the XAS is sensitive to the local electronic structure and
chemical environment.

Figure 7. Dichroic Mn L2,3 spectra of CrMn3 (circles) and the MnStar
(squares) taken at a temperature of 5K and an appliedmagnetic field of 5
T (top panel) and corresponding XAS andMCD signals (bottom panel).
The solid lines represent the appropriate Mn2þStar CTM calculations.

Figure 8. Dichroic Cr L2,3 spectra andMCDsignal ofCrMn3 taken at a
temperature of 5 K and an applied magnetic field of 5 T (top viewgraph).
Comparison of the CrMn3 and Cr2O3.

49 Cr L edge XA spectra plotted
along with CTMcalculations for a Cr3þ ion inOh symmetry (10Dq=2.2
eV; bottom viewgraph).

(47) We invite the reader to study our animations on http://spin.
fh-bielefeld.de (accessed Jan 2010).

http://pubs.acs.org/action/showImage?doi=10.1021/ic9012119&iName=master.img-006.jpg&w=176&h=279
http://pubs.acs.org/action/showImage?doi=10.1021/ic9012119&iName=master.img-007.jpg&w=154&h=243


2100 Inorganic Chemistry, Vol. 49, No. 5, 2010 Prinz et al.

To better understand the ionic Mn2þ behavior, it is
necessary to mention that we extracted a 93.8% 3d5 and a
6.2% 3d6L configuration from the MnStar CTM calcula-
tions.29 This is noteworthy, because charge transfer can
result in a deformation of the multiplet structure and an
appearance of satellite structures.48 Furthermore, the local
crystal-field strength around the absorbing manganese
atom can be probed directly by XAS. The close resem-
blance of theCrMn3 andMnStarMnXAS spectra suggests
that the crystal-field splitting inCrMn3 is equally as large as
in MnStar, namely, 10 Dq = 0.6 eV. Compared to values
found for manganese oxides, this magnitude is rather low.
However, for similar molecules likeMn4 or CrMn6, similar
values of 10 Dq have been found.29

The upper panel of Figure 8 presents the dichroic XAS
and MCD spectra of the chromium ion in the magnetic
core of CrMn3 at 5 T and 5 K. Compared to the Mn2þ

X-ray absorption spectra, the Cr3þ ones comprise rather
broad peaks. Two main peaks are located at 577.0 and
585.0 eV for the L3 and L2 edges, respectively. Clear
multiplet structures around the main peaks are visible.
The spectrum allows to identify eight features, which are
unique signatures for the Cr3þ ion being in an octahedral
environment.49 Looking at the XMCD signal of chro-
mium is at first glance astonishing: no significant signal
was recorded.
To get a deeper insight into the local symmetry and

multiplet structure of the Cr ion, we also performed
ligand-field (LF)multiplet calculations (using theTTmul-
tiplet program) for trivalent chromium in the Oh symme-
try. The result is given as the black solid line in the lower
panel of Figure 8 together with the corresponding XAS
CrL2,3 edge of Cr2O3 (see ref 49) and the isotropicXAS of
CrMn3. All spectra have a very similar shape. TheCrMn3
XAS spectrum (dark gray) agrees nearly perfectly with
the Cr2O3 spectrum (light gray). There is one particular
feature shifting: themain peak of theCrL3 edge ofCrMn3
is located at 577.0 eV photon energy, compared to 576.6
eV in the XAS spectrum of Cr2O3. Also, the relative
intensities of the peaks at the L3 and L2 edges differ
slightly. With the charge transfer multiplet calculation,
we were able to reproduce the characteristic features of
theCrMn3 absorption spectrum, and we find a 75.2% 3d3

and 24.8% 3d4L configuration.
We applied the XMCD sum rules developed by Thole

and Carra, that later were confirmed experimentally by
Chen et al.30,50,51 in order to extract the element selective
spin and orbital moments of the Mn2þ and Cr3þ ions in
CrMn3. From our experimental data recorded at 5.0 K,
we extracted a local manganese spin moment of mSpin =
7.24 μB per molecule (2.41 μB per manganese atom)
and an orbital moment of mOrb = 1.56 μB per molecule
(0.52 μB per manganese atom).
Sum rule analysis of the experiment performed at

20.0 K yielded mSpin = 3.88 μB and mOrb = 0.015 μB

per molecule. Because the sum rules can only be applied
properly when the separation of the 2p3/2 and 2p1/2 levels is
large enough to clearly distinguish the j3/2 and j1/2 excita-
tions, a spin-correction factor of 1/0.680 is necessary if the
spectral features of the L2 and L3 edges do overlap. In this
case, a quantum-mechanical superposition of the j3/2 and
j1/2 excitations appears during the absorption process. In
our earlier work, we already discussed and validated this
correction factor, which was first proposed and calcu-
lated by Teramura et al.29,52,53 Using this spin-correction
factor, we obtain a local manganese spin moment of
mSpin = 10.65 μB per molecule and a rather large orbital
moment of mOrb = 1.56 μB per molecule at 5 T and 5 K,
whereas at a temperature of 20KweobtainmSpin=5.71μB
and mOrb = 0.05 μB. Although we find a quite good
agreement between the magnetic moment obtained from
theMCDand themagnetometry, wewant to point out that
very recently it has been found that the correction factor
depends on the crystal field strength, also the nonzero
orbital moment can influence the spin sum rule correction
factor.54

Next, we compare the above-mentioned results with
those obtained on the Mn4 (MnStar).29 Although the
manganese L2,3 edgeMCD signals ofMnStar andCrMn3
look very similar at first glance, the orbital angular-
momentum distribution for these two compounds is very
different. Figure 9 shows a comparison of theCrMn3 and
MnStar manganese L2,3 edge MCD signals and their
integrated intensities at 5 K. The integrated intensity of
the overall MCD (L2 and L3 edges) indicates the presence
of an unquenched orbital angular Mn momentum in
CrMn3 at 5 K. In contrast, for the MnStar, an almost
completely quenched orbital moment is found at 5 K.29

The result for CrMn3 is surprising because it is incon-
sistent with a half filled 3d5 state, where all d orbitals are
perfectly balanced within the (m contributions. On the
one side, potential errors in the sum rule analysis, such
as offset corrections or a too short integration range,

Figure 9. ExperimentalMnL2,3MCDsignals ofCrMn3 recorded at 5K
(black) and 20 K (blue) and MnStar29 (gray) plotted along with the
corresponding MCD integrated intensities.
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can cause the overestimation of orbital momentums.55a

However, we want note that the Mn ions in CrMn3 are in
a strongly distorted and inhomogenous crystal field,
which may lift the electronic degeneracy. A similar effect
has been very recently reported for ε-Fe2O3.

55b In con-
trast, we do not find a significant Mn orbital momentum
at the temperature of 20 K (external field still 5 T).
Furthermore, high-field EPR measurements performed
at 10 K on CrMn3 yielded a g factor of 2.05 for the Mn
ions.26 That also indicates a positive Mn orbital angular
momentum. One can speculate about reasons for this
surprising result. It might be due to changes in the local
Mn electronic structure, e.g., theMn-ligand bond length
as a consequence of structural changes taking place
between 5 and 20 K. Such an effect has been observed
in ε-Fe2O3 very recently;55b however, more experimental
studies on the electronic and structural properties on the
CrMn3 compound in this temperature range are necessary
to draw any conclusion about this result.
An appropriate determination of the local chromium

moment is not possible. In order to employ the spin-
correction factor, a sufficiently large L3/L2 splitting is
required to avoid problems due to the L3-L2mixing.53 In
the case of chromium, this is not the case. Qualitatively,
one can assume a very small local magnetic spin moment
of chromium, ordered ferromagnetically with respect to
the manganese spins, in CrMn3.
Comparing the magnetization data at 5 T and 4.2 K;

especially the local chromiummagnetization extracted by
use of the anisotropic Heisenberg model calculations
(Figure 3);with the local magnetic moments of manga-
nese and chromium obtained from our XMCD experi-
ments at 5 T and 5K, we find perfect agreement. The total
magnetization is about 12.5 μB per molecule, whereas the
local chromium magnetic moment does almost comple-
tely disappear but remains ferromagnetically ordered
with respect to the manganese spins (Figure 3). Also,
the large local anisotropy parameter for manganese
(dMn = -1.05 cm-1) obtained from our Heisenberg
simulations can be understood qualitatively. The XMCD
measurements give direct experimental evidence that the
orbital moments of the manganese ions are only partially
quenched. These results can be regarded as a first example
of strong anisotropy and frustration effects probed by
X-ray magnetic circular dichroism.

4.3. Electronic-Structure Calculations. For density-
functional calculations, the molecule was prepared in
different magnetic configurations, referred to in the
following according to how the spin moments of indi-
vidual atoms (Cr, Mn, Mn, Mn) are set in the U (up)
or D (down) direction with respect to the global quanti-
zation axis. The total energies of such configurations
were compared. We calculated as well the energies
for some noncollinear spin configurations but did not
reach conclusive results due to convergence problems.
Restricting our discussion to collinear cases only, we
can emphasize the following:

1. The individual spins on the Cr and Mn positions
tend to remain quite stable at values of 3/2 and 5/2,

respectively, but can be inverted at relatively low
energy cost.

2. The saturation value of the total spin, 18/2 as in
the UUUU configuration, agrees with the results
of the magnetization measurements.

3. At variance with what could have been expected,
i.e., a preferential antiparallel coupling between
Cr and Mn, the DUUU configuration is energe-
tically, by 39 meV, higher compared to the
UUUU configuration. However, the inversion
of two spins, such as in the DDUU and other
degenerate configurations, is by merely 13 meV
higher in energy than the fully magnetized situa-
tion. Hence, it can be expected that a mixture of
several such “two spins up, two spins down”
configurations might ultimately emerge as the
ground state. Apparently, this is a manifestation
of strong frustration, as also evidenced byHeisen-
berg and classical spin dynamic simulations done
in our work.

4. Obviously (for reasons typical for DFT calcula-
tions in molecular magnets where the intra-atom-
ic correlation effects are underestimated, see, e.g.,
ref 56), the magnetic splitting within the 3d shells
of Cr and Mn comes out too small, and conse-
quently the HOMO-LUMO gap is strongly
underestimated. However, it does not fully dis-
appear, at least in the most “competitive” spin
configurations, amounting to 0.51 eV in UUUU,
0.63 eV in DUUU, and 0.70 eV in DDUU. The
latter supports the above argument that the mix-
ing of several DDUU-like states might result in a
stable and energetically favorable (frustrated)
configuration.

For discussing the spatial distribution of spin density,
we use the DUUU configuration, because it shows a
reasonable “spin contrast” in the Cr-Mn coupling (see
Figure 10).
It should be noted that each individual spin is not fully

localized on a 3d center, so that the coresponding mag-
netic density somehow spills onto the neighboring atoms.
However, the spins remain quite “rigid”, in the sense that,
in a different spin configuration, the spatial spin density
around a given center in first approximation would be
inverted (i.e., spin up becomes spin down).
The on-site magnetic spin density is quite spherical

around the Mn atoms, with their half-filled and hence
symmetric d shells, and pronouncedly “cube-like” at the
Cr site, where in a simplified view “only” the t2g orbitals
are occupied. This different shape is even more pro-
nounced in higher spin-density isosurfaces (not shown)
which are more closely confined to the atom cores.
Observing the spin density spilled onto the neighbors of

a 3d center, we find it octahedrally symmetric, according
to the placement of oxygen atoms around the Cr site,
whereas that of the Mn atoms is strongly anisotropic
(Figure 10). For one thing, the Mn’s are already struc-
turally placed in low-symmetry positions; moreover, one
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can see that the Cl 3p shell, although almost fully occu-
pied, exhibits an interesting break of symmetry in its
related spin (Figure 10). This might be an important
source of anisotropy found for the Cr atoms in the spin-
Hamiltonian simulations, as was already mentioned in
section 4.1.

5. Conclusions

In summary, we presented a comprehensive investigation
of the electronic structure and the magnetic properties of the

star-shaped heteronuclear CrIIIMnII3 complex. Various
X-ray spectroscopic methods were used to investigate the
internal chemical, electronic, and magnetic structure of
CrMn3. The XAS spectra of the manganese and chromium
L edges were measured and compared to Mn2þ Star spectra
investigated earlier29 or modeled within the ligand-field
multiplet model, respectively, in order to investigate the
valence and local symmetry. Crystal-field and charge-
transfer parameters were extracted from the calculations
and are in good agreement with earlier data.
Using magnetization measurements, element-selective

XMCD at the Mn and Cr L edges, and quantum model
calculations based on an anisotropic Heisenberg Hamilto-
nian, we were able to understand the complete magnetic
structure of the CrMn3 magnetic core, including the manga-
nese single-ion anisotropy and frustration. The experimental
data fit perfectly to the quantum calculations, allowing an
accurate determination of the exchange interactions and of
the dominant local anisotropies. The extracted parameters
were used to perform classical spin-dynamic simulations. The
field-dependent classical ground state and low-temperature
properties were studied in our extensive work on the CrMn3
complex.
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Figure 10. Two views of the spin-density isosurfaces, corresponding to
(0.0025 e/Å3, in the DUUU configuration of CrMn3. Positive/negative
values are indicated by light gray/dark violet color. The molecular
structure is shown as a framework, with orientation and color code as
in Figure 1.
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