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Localized high spin states in transition-metal dimers: X-ray absorption spectroscopy study

J. T. Lau,* K. Hirsch, A. Langenberg, J. Probst, R. Richter, J. Rittmann, M. Vogel, V. Zamudio-Bayer, and T. Moller
Institut fiir Optik und Atomare Physik, Technische Universitiit Berlin, EW 3-1, Hardenbergstrafie 36, D-10623 Berlin, Germany

B. von Issendorff
Fakultit fiir Physik, FMF, Universitdit Freiburg, Stefan-Meier-Strafse 21, D-79104 Freiburg, Germany
(Received 6 March 2009; revised manuscript received 6 May 2009; published 2 June 2009)

X-ray absorption spectroscopy provides direct evidence for localized valence electrons in Cr, Mn}, and
CrMn* dimer cations. Bonding in these transition-metal molecules is predominantly mediated by 4s electrons.
This behavior is markedly different from other 34 transition-metal dimers with open 3d subshells and can be
ascribed to the highly stable 3d5(6S) configuration of the 3d subshell in chromium and manganese atoms and
ions. In Crg, Mn;', and CrMn™, 3d electron localization indicates local high spin states.

DOI: 10.1103/PhysRevB.79.241102

Electrons in atoms and solids are usually divided into two
parts: core electrons, tightly bound to an atomic nucleus, and
valence electrons, which are weakly bound and participate in
chemical bonding. This division is not strict, a famous ex-
ception is 4f orbitals in lanthanoids, which are core electrons
by their contracted radial wave function but which are filled
in competition with 5d states and can thus be regarded as
valence electrons.

In first row transition metals, the situation is similar, albeit
less clear. Here, 3d electrons are usually considered as va-
lence electrons which participate in chemical bonding and
lead to a rich chemistry with a large variety of oxidation
states. In terms of binding energy, 3d electrons are almost
degenerate with 4s electrons. Regarding their radial distribu-
tion function, however, 3d electrons could also be considered
core electrons because of the contracted 3d wave function
which has no radial knots. The question of itinerant versus
localized behavior is persistent in solids, where the peculiar
properties of the 3d electrons lead to ferromagnetic ordering
in iron, cobalt, and nickel and to antiferromagnetic order in
chromium and manganese.

Among these 3d transition metals, chromium and manga-
nese atoms are unique because of their half-filled 3d sub-
shells with 3d%4s' and 3d°4s”> configurations, respectively.
The promotion energy required to break up this stable
3d5(°S) configuration is 1.48 eV in Cr*(3d° —3d*4s) and
1.78 eV in Mn*(3d°4s — 3d°).! The evolution of their atomic
high spin S and S ground states to antiferromagnetically
coupled bulk states has motivated intense research on chro-
mium and manganese as well as many other transition-metal
clusters.>”’ In this context, already dimers as the simplest
transition-metal aggregates show a large spread of binding
mechanisms and bond energies. Even in these molecules the
details of bonding are still unclear; especially, chromium and
manganese with their half-filled 3d subshells pose problems
to theory.

As neutral dimers, chromium and manganese are very dif-
ferent in their electronic structure and bonding. Cr, has a
short bond length of 1.68 A,S a formal sextuple bond with
contributions from 3d electrons, and a bond energy of
1.53*0.06 eV.” Mn, has a long equilibrium distance of
3.4 A (Ref. 10) and is often termed as a van der Waals
molecule with an experimental bond energy of
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0.44+0.30 eV,'"" while theory predicts even smaller
values.'? The differences between the neutral dimers can also
be seen in bulk solids, where the exceptional stability of the
atomic state with its half-filled 3d and filled 4s shells has
implications for bonding in bulk manganese. While the crys-
tal structure of antiferromagnetic bulk chromium is body-
centered cubic, @-Mn, the stable allotrope at room tempera-
ture with its 58 atom cubic unit cell,'? has complex structural
and magnetic properties which are rooted in the highly stable
atomic 3d°(°S)4s? term. Together with a strongly contracted
3d orbital, this implies that 3d electrons can possibly retain
their core character even in larger aggregates. For chromium
with the same stable 3d°(°S) configuration, the open 4s sub-
shell allows covalent bonding with an increased participation
of 3d electrons. Based on stable Cr, units, a dimer growth
model has been proposed for small chromium clusters.”

These different bonding characteristics of chromium and
manganese dimers change dramatically upon ionization. For
chromium, ionization of the neutral dimer removes an elec-
tron from a bonding (4so) orbital which slightly reduces the
binding energy. For atomic manganese, ionization opens up
the 4s subshell which has a dramatic effect in the dimer.
Here, a 4s electron is removed from an antibonding (4sc™)
orbital which leads to covalent bonding in Mnj with a
strongly increased binding energy as compared to the neutral
molecule. Therefore, cationic Cry and Mnj are very similar
in their experimental bond energies of 1.30*+0.06 eV (Ref.
14) and =1.39 eV, respectively.

Experimentally, the electronic structure and bonding in
transition-metal dimer cations have been investigated by
collision-induced dissociation,'*!® photodissociation,*! and
electron-spin resonance!®!” spectroscopy. While these tech-
niques have contributed significantly to the understanding of
transition-metal dimers, especially with respect to their bond
energies, they supply information on the electronic states
rather indirectly. A direct probe for the electronic configura-
tion would be highly desirable. We have investigated the
extent to which 34 electrons participate in bonding and give
direct evidence for strong localization of 3d electrons in Cr3,
Mn;, and CrMn* dimer cations from local and element-
specific x-ray absorption spectroscopy. According to the ex-
perimental results discussed below, 3d electrons in these

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.241102

LAU et al.

CrL,,edge

Cratom

CrMn*

X-ray absorption (arb. units)

Cr 3d° 4s°

570 575 580 585 590
photon energy (eV)

FIG. 1. (Color online) Surprisingly similar x-ray absorption
spectra of atomic chromium (Ref. 18), Cr;', and CrMn* taken at the
chromium 2p edge. The spectra are dominated by 2p — 3d transi-
tions and can be reproduced by atomic multiplet calculations as-
suming a 34 initial-state configuration. This directly shows local-
ization of 3d electrons. 2p —4s,4d transitions do not contribute
significantly to the spectra.

transition-metal dimer cations could indeed be considered
core electrons which hardly participate in chemical bonding.
The experimental setup is described in detail elsewhere.'”
Briefly, cationic transition-metal dimer molecules from a
magnetron sputtering source are mass separated and stored in
a buffer gas filled linear quadrupole ion trap kept at liquid-
nitrogen temperature where they are irradiated by a soft
x-ray beam along the trap axis. X-ray absorption spectra are
taken in ion yield mode, monitoring the yield of photogener-
ated daughter ions as a function of incident photon energy.?”
In general, 2p x-ray absorption spectra of 3d transition
metals are dominated by transitions into local unoccupied 3d
states. Transitions into 4s states, which are also accessible in
a dipole transition, contribute very little to the spectra be-
cause of the much smaller overlap with 2p states. Core level
spectra of molecules are usually very different from atomic
spectra because they are highly sensitive to changes in the
electronic configuration and the chemical surroundings.
Therefore, 2p x-ray absorption spectroscopy can be used as a
sensitive fingerprint method for the local electronic 3d con-
figuration, which is applied here to Cr3, Mn3, and CrMn™.
X-ray absorption spectra taken at the chromium 2p edge
of chromium atoms, '8 Cr;, and CrMn* are shown in Fig. 1.
Very surprising, the experimental spectra are nearly identical
in their transition energies and intensities. The same is true
for experimental x-ray absorption spectra of manganese
atoms,”! Mnj, and CrMn* at the manganese 2p edge, as
shown in Fig. 2. In this respect, homonuclear chromium and
manganese dimer cations are markedly different from other
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FIG. 2. (Color online) X-ray absorption spectra of atomic man-
ganese (Ref. 21), Mnj, and CrMn* taken at the manganese 2p edge.
As for chromium, the spectra are dominated by 2p — 3d transitions
and can be reproduced by atomic multiplet calculations assuming a
3d°4s! initial-state configuration, again indicating localization of 3d
electrons. Differences in the spectra of atomic manganese and Mn}
are due to different photon energy resolution.

transition metals. Only Cry and Mnj show spectra strikingly
similar to the neutral atoms, while the spectra of other 3d
transition-metal dimers with open 3d subshells differ from
their atomic counterparts,”® as would be expected for mol-
ecules where 3d electrons participate in bonding.

Theoretical x-ray absorption spectra of very small
transition-metal molecules or clusters,?? where atomic multi-
plets still have to be considered, are not available at present.
However, x-ray absorption spectra of single atoms or ions
can be calculated to high accuracy with atomic multiplet
theory.?® Although these calculations generally cannot ad-
dress the electronic structure of molecules, in the special
cases of Cry, Mnj, and CrMn* they reproduce the experi-
mental spectra very well. In the following we will therefore
use experimental 2p x-ray absorption spectra together with
the corresponding atomic multiplet calculations to identify
localized 3d valence electrons.

Starting with Fig. 1 where the chromium 2p excitation is
shown, we note again that the experimental spectra of chro-
mium atoms,'$ Crg, and CrMn* are almost identical. Com-
pared to the atomic chromium spectrum,'® features in Cr} are
better resolved because of a higher monochromator reso-
lution of 150 meV as compared to 290 meV.!® The nearly
identical spectra of chromium atoms'® and Crj represent a
local 34’ initial-state configuration, as can be seen by com-
parison with an atomic multiplet calculation (stick spectrum
in Fig. 1). In both cases, the experimental spectra can be well
reproduced by calculating transitions from a cationic
[Ar]3d°4s initial-state configuration into a 2p3d®4s° final-
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state configuration with atomic multiplet theory. Even more
important, the experimental spectra of atomic chromium and
Crj are identical within the photon energy resolution. In all
cases, final states with 3d°4s' or 3d°4d' configurations only
contribute about 5% to the spectra. A lifetime broadening of
250 meV together with the experimental energy resolution of
150 meV were used in the calculations.

From the spectral fingerprint of Crj, we conclude that all
3d electrons are localized at their ionic cores and do hardly
participate in bonding. This conclusion can be drawn even
though x-ray absorption spectroscopy is not a direct probe of
ground-state properties, and core hole relaxation can even
rearrange the valence electronic structure such that electronic
systems delocalized in their ground state become highly lo-
calized in the core excited state. Still, only a very similar
structure of unoccupied d-symmetric states in the ground
state would lead to the nearly identical spectra of the neutral
atom and dimer cation observed experimentally.

Since 3d electrons are localized in Cr3, bonding in Cr; is
mediated predominately by the remaining 4s electron, shared
between the two atoms in a bonding (4sag)l configuration.
This is consistent with an antiferromagnetic 22; ground state
predicted from theory?* as well as proposed from collision-
induced dissociation experiments.'* Here, we give direct ex-
perimental evidence for the extreme case of 3d electron lo-
calization in Crj.

Very similar results are found for manganese, the second
element in the 3d row with a half-filled 34 subshell. X-ray
absorption spectra of manganese atoms,?! Mn;', and CrMn",
excited at the manganese 2p edge, are shown in Fig. 2. Simi-
lar to chromium, the experimental spectra represent a local
3d’ configuration and can be reproduced with an atomic mul-
tiplet calculation taking [Ar]3d°4s' as the initial-state con-
figuration and 2p°3d®4s' as the final-state configuration,
again only considering the dominant 2p —3d transitions.
Within the monochromator resolution of 150 meV for Mnj
and 500 meV for atomic manganese,”! the experimental
spectra are again identical. As in Cry, we conclude from the
spectra given in Fig. 2 that 3d electrons in Mnj are practi-
cally nonbonding, fully localized at their ionic cores. The
remaining three 4s electrons are situated in a fully occupied
bonding (4so) orbital and a singly occupied antibonding
(4s0™) orbital. The experimental result is consistent with a
ferromagnetically coupled 122; high spin state suggested by
electron-spin resonance on matrix isolated Mnj (Refs. 10 and
17) and by photodissociation spectroscopy.* Theory predicts
either a 122; (Refs. 24-26) or a '°II,, (Ref. 24) ground state.
This latter point illustrates the difficulty of predicting the
electronic ground state of transition-metal dimers even at
very high levels of theory. However, a '°TI, state would in-
volve 4s-3d promotion and thus change the local 3d occu-
pancy. This should clearly be visible in the spectrum and can
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therefore be ruled out based on the data given in Fig. 2.

Given the results on Crj and Mn3, the question arises of
how 3d electrons behave in heteronuclear CrMn* dimer cat-
ions, isoelectronic to neutral Cr,. Considering the number of
4s electrons, these heteronuclear dimer cations are halfway
in between pure Crj and Mnj. Because of its element-
specific nature, 2p x-ray absorption spectroscopy is well
suited to investigate 3d electron localization at the chromium
and manganese sites in CrMn*. The spectra of the hetero-
nuclear dimer cations are also shown in Fig. 1 for the chro-
mium 2p excitation and in Fig. 2 for the manganese 2p ex-
citation. Although these are also recorded with an energy
resolution of 150 meV, the lines in the heteronuclear dimer
cation are broadened but are still very similar to the neutral
atoms and can well be reproduced by atomic multiplet cal-
culation with [Ar]3d4s" initial-state configurations where
n=0 for chromium and n=1 for manganese, again indicating
atomic localization of 3d electrons. In CrMn™, two 4s elec-
trons occupy a bonding (4so) orbital, leading to a 'S* state?’
with a bond order of 1 compared to a bond order of 1/2 for
Cr; and Mnj;. This is reflected in a predicted bond energy of
2.38 eV for CrMn* (Ref. 27) as compared to experimental
values of 1.300.06 eV for Cry (Ref. 14) and =1.39 eV
for Mn}.15 Broadening of the spectra can either be attributed
to a slight participation in bonding of the 3d electrons or to
the lowered symmetry in heteronuclear dimer cations. Future
experimental studies on larger aggregates as well as theoret-
ical investigations with explicit inclusion of all electrons at
the optimized bond length will help clarify this point. Fur-
thermore, it would be interesting to see how localization of
3d electrons evolves in larger manganese clusters, eventually
reaching the peculiar crystallographic structure of a-Mn.

In summary, local and element-specific core-level spec-
troscopy has revealed strong 3d valence electron localization
in Cr3, Mnj, and CrMn™ due to their half-filled 3d subshells.
Homonuclear as well as heteronuclear chromium and man-
ganese dimer cations are predominantly bound by their 4s
electrons. In all three cases, the local 3d> configuration ob-
served experimentally indicates local high spin 34°(°S) states
with a 5 up spin moment of the 3d electrons at the ionic
cores.

The authors are indebted to P. Zimmermann for many
informative discussions. We gratefully acknowledge techni-
cal assistance by BESSY II staff members, in particular G.
Reichard, O. Schwarzkopf, and C. Kalus. All data were taken
at BESSY II beamline U49/2-PGM-1. Travel to BESSY was
supported by BMBF (Grant No. 05 ES3XBA/5). This project
was partially supported by Technische Universitit Berlin
through Grant No. FIP 2/60 and by Deutsche Forschungsge-
meinschaft (Grant No. SFB 508). J.R. acknowledges finan-
cial support by Villigst Stiftung.

241102-3



LAU et al.

*tobias.lau@physik.tu-berlin.de

'J. Sugar and C. Corliss, J. Phys. Chem. Ref. Data 14, Suppl. 2
(1985).

2H. Cheng and L.-S. Wang, Phys. Rev. Lett. 77, 51 (1996).

3M. B. Knickelbein, Phys. Rev. Lett. 86, 5255 (2001).

4 A. Terasaki, A. Matsushita, K. Tono, R. T. Yadav, T. M. Briere,
and T. Kondow, J. Chem. Phys. 114, 9367 (2001).

SK. Tono, A. Terasaki, T. Ohta, and T. Kondow, J. Chem. Phys.
123, 174314 (2005).

SF. W. Payne, W. Jiang, and L. A. Bloomfield, Phys. Rev. Lett.
97, 193401 (2006).

7]. T. Lau, A. Achleitner, and W. Wurth, Surf. Sci. 467, 1834
(2000).

8V. E. Bondybey and J. H. English, Chem. Phys. Lett. 94, 443
(1983).

9B. Simard, M.-A. Lebeault-Dorget, A. Marijnissen, and J. J. ter
Meulen, J. Chem. Phys. 108, 9668 (1998).

IOM. Cheeseman, R. J. V. Zee, H. L. Flanagan, and J. W. Weltner,
J. Chem. Phys. 92, 1553 (1990).

I'M. D. Morse, Chem. Rev. (Washington, D.C.) 86, 1049 (1986).

12D. Tzeli, U. Miranda, 1. G. Kaplan, and A. Mavridis, J. Chem.
Phys. 129, 154310 (2008).

13D. Hobbs, J. Hafner, and D. Spi§ik, Phys. Rev. B 68, 014407
(2003).

14C.-X. Su, D. A. Hales, and P. B. Armentrout, Chem. Phys. Lett.
201, 199 (1993).

I5M. F. Jarrold, A. J. Illies, and M. T. Bowers, J. Am. Chem. Soc.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 79, 241102(R) (2009)

107, 7339 (1985).

6K Ervin, S. K. Loh, N. Aristov, and P. B. Armentrout, J. Phys.
Chem. 87, 3593 (1983).

7R. J. van Zee and W. Weltner, Jr., J. Chem. Phys. 89, 4444
(1988).

3U. Arp, K. Iemura, G. Kutluk, T. Nagata, S. Yagi, and A. Yag-
ishita, J. Phys. B 28, 225 (1995).

197 T. Lau, K. Hirsch, Ph. Klar, A. Langenberg, F. Lofink, R.
Richter, J. Rittmann, M. Vogel, V. Zamudio-Bayer, T. Moller,
and B. v. Issendorff, Phys. Rev. A 79, 053201 (2009); K. Hirsch,
J. T. Lau, Ph. Klar, A. Langenberg, J. Probst, J. Rittmann, M.
Vogel, V. Zamudio-Bayer, T. Mdéller, and B. von Issendorft, J.
Phys. B (to be published).

203, T. Lau, J. Rittmann, V. Zamudio-Bayer, M. Vogel, K. Hirsch,
P. Klar, F. Lofink, T. Moller, and B. v. Issendorff, Phys. Rev.
Lett. 101, 153401 (2008).

21U. Arp, F. Federmann, E. Killne, B. Sonntag, and S. L. So-
rensen, J. Phys. B 25, 3747 (1992).

220, Sipr and H. Ebert, Phys. Rev. B 72, 134406 (2005).

2E. de Groot, Coord. Chem. Rev. 249, 31 (2005).

24G. Gutsev and C. Bauschlicher, J. Phys. Chem. A 107, 4755
(2003).

2 N. Desmarais, F. A. Reuse, and S. N. Khanna, J. Chem. Phys.
112, 5576 (2000).

26C. W. Bauschlicher, Chem. Phys. Lett. 156, 95 (1989).

27G. L. Gutsev, M. D. Mochena, P. Jena, C. W. Bauschlicher, Jr.,
and H. Partridge III, J. Chem. Phys. 121, 6785 (2004).

241102-4



