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Abstract. DyBaCo2O5.5 has shown a complex phase diagram, which is based
on the interplay of different energy scales, related to magnetism, orbital ordering
and for example Co spin-state transitions. For a detailed understanding of
these fascinating materials it is therefore necessary to identify the order of the
different energy scales. Small changes in the corresponding energy relations
strongly influence the electronic structure and ground state properties, like
low and high spin configurations, which have been controversially discussed
in order to interpret the metal-to-insulator (MIT) transition in REBaCo2O5.5

(RE = rare earths). To clarify unambiguously the microscopic nature of the spin-
state evolution associated with this MIT, we performed detailed temperature
and angular dependent x-ray magnetic circular dichroism measurements in
DyBaCo2O5.5 single crystals above and below the MIT and at the onset of the
ferromagnetic phase. Anisotropic contributions of spin and orbital moments have
been observed with an extremely high signal-to-noise ratio. We can identify
a higher-spin- to lower-spin-state change across the MIT, which is in contrast
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to previous macroscopic experimental findings. Only the Co ions in octahedral
environment are found to be in a reduced spin configuration in the high-
temperature metallic state.
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1. Introduction

The fascinating physical properties of transition metal oxides originating from the complexity
of the coupling of the spin, charge, orbital and lattice degrees of freedom, have attracted
considerable interest in the last few years. The resulting phenomenology ranges from metal-
to-insulator transitions (MITs) [1] and the colossal magnetoresistance (CMR) effects, e.g.
in manganites [2] and cobaltates [3] to high-temperature superconductivity in cuprates
[4, 5]. Cobalt-based oxides have revealed their own microcosms within this manifold of
phenomena [3], [6]–[14] and came to the fore because of the occurrence of temperature-
dependent spin-state changes of the Co ions, which are based on the delicate relation between
the crystal field and Hund’s rule coupling energy.

In particular, the recently discovered layered REBaCo2O5.5 compounds show a series of
magnetic transitions, which evidence the competing ferromagnetic (FM) and antiferromagnetic
(AFM) interactions at lower temperatures. In addition, enormous uniaxial magnetocrystalline
anisotropy (MCA) has been observed, which suggests the presence of an unusual high
unquenched orbital moment, experimentally not yet observed. Nevertheless, the main attention
is concentrated on the observation of a MIT above room temperature, accompanied by a
change in the susceptibility, indicating correlated-electron phenomena [1]. The special oxygen
stoichiometry of these systems allows a stable oxygen-deficient structure with Co3+ ions
in octahedral and pyramidal coordination to occur (see figure 1). In principle, three spin
configurations are possible for each Co3+ site, depending on the competition of crystal-field
splitting and Hund’s rule coupling: high spin (HS: S = 2, t4

2ge2
g), intermediate spin (IS: S = 1,

t5
2ge1

g) and low spin (LS: S = 0, t6
2g). Therefore, the Co ions in different coordinations can have

various spin states with different temperature dependence, accounting for the MIT.
The interpretation of the susceptibility change at the MIT is rather controversial. Maignan

et al [9, 10] suggested that at T < TMI the octahedral Co3+-ions are in a LS and the pyramidal
ones in an IS state, whereas at T > TMI the Co3+-ions at both Co sites change to HS. Taskin
et al on the other hand [3, 13] claim that, as a result of thermal expansion and higher entropy of
the HS state, the octahedra are in the HS state above the MIT, whereas the pyramids remain in
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Figure 1. Crystal structure of DyBaCo2O5.5 (data from [21]) and SQUID
magnetization measurements at H = 2 T as a function of temperature along
the three crystallographic axes a (black), b (red) and c (green). Inset: inverse
magnetization at the MI-transition at 326 K.

the IS state [6]. These scenarios are based on the assumption of paramagnetic (PM) behaviour
around the MIT and attempt to model the experimentally observed change in the slope of the
inverse magnetic susceptibility χ−1 [3, 6], [8]–[10], [13]. Apart from the lack of microscopic
information to support or discard either of these scenarios, the implied assumption that the Co3+

ions at the octahedral site may possibly be in a LS ground state is in contradiction to recent
LSDA + U calculations [14].

Therefore, we performed x-ray magnetic circular dichroism (XMCD) measurements on
a detwinned single crystal of DyBaCo2O5.5 to directly determine the behaviour of spin-
and orbital-moment contributions at different temperatures and, thereby, provide microscopic
magnetic information about the spin state transition and the MIT. Our results will show that the
octahedral Co3+ ions perform a change to a lower spin state above the MIT, in contradiction
to previous experimental suggestions. The results shown here provide a deep understanding
of the magnetic properties and the MIT, consistent with the theoretical model by H Wu [14],
where hole delocalization effects of the Co ions are considered. Our findings resolve present
discrepancies between theoretical and experimental results.

2. Experimental

All XMCD spectra were measured in total electron yield (TEY) mode at the BESSY II
bending magnet beamline PM3 with our own dedicated XMCD system in an applied magnetic
field of 2 T. All sum-rule-related values were corrected for the finite circular polarization
of 0.93 ± 0.02. The monochromator energy resolution was set to E/1E ≈ 6000 to obtain
the optimal compromise between intensity and energy resolution. With our XMCD system,
we have achieved an extraordinarily high XMCD signal-to-noise ratio of up to 17 000 with
respect to the total absorption signal. This was only possible by flipping the magnetic field at
every data point, to successfully reduce synchrotron based drift phenomena. In addition, all
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results were performed for both light helicities to reduce even smallest possible contributions
from non-XMCD-related difference signal. This enables very sensitive XMCD measurements
even for diluted paramagnets far above the ordering temperature [15, 16]. Further details
of the experimental setup and the data handling procedure have been described elsewhere
[16, 17].

The measured single crystal of DyBaCo2O5.5 was grown from flux [18] and annealed in
flowing oxygen [19]. The crystals were cut in a rectangular shape and polished.

As grown DyBaCo2O5.5 single crystals are twinned due to the similarity of the in-plane
lattice constants [19], i.e. they consist of equal proportions of nearly orthogonally oriented
domains. To allow the investigation of the anisotropy, we detwinned the sample by subjecting it
to uniaxial stress at elevated temperature [20] and characterized it using magnetic susceptibility
measurements and polarized light microscopy. The residual degree of twinning has been
determined to be 25% (see figure 1 and section 3.1). For the XMCD measurements the
detwinned DyBaCo2O5.5 single crystal was cleaved in situ under ultra high vaccum (UHV)
conditions.

3. Results

3.1. SQUID

To characterize the crystal we performed field-cooled magnetization measurements recorded
with a commercial quantum design SQUID magnetometer, with an applied magnetic field of
2 T along the three crystallographic axes a, b and c (see figure 1). From the shown curves,
we determined the residual degree of twinning to be ∼25%. The PM dysprosium contribution
has been subtracted beforehand [3]. The different magnetic transitions with temperature agree
well with literature [9, 13]. The AFM ground state is followed by an intermediate phase
(AFM <> FM) above the Neél-temperature TN = 179 K, where AFM and FM order compete
up to the onset of a FM phase at TI = 230 K. Above TC ≈ 292 K, the system enters a PM
insulating (PMI) phase [9, 22]. Finally, the sharp step in the magnetization at TMI = 326 K
indicates the transition into the high-temperature PM metallic (PMM) state [3, 9, 10, 13, 23].

In the following, we will focus on the MIT, but we point out that the magnetic structure
of the low temperature phases below TC is still under strong debate [12], as is the spin state
across the MIT [3], [24]–[28]. At the MIT, the net magnetic moment is reduced by about 40%,
with the main drop of 13 × 10−3 µB/Co-atom occurring along the a-axis. The step along the
c-axis of 3.09 × 10−3 µB/Co-atom is very small, and of the same order of magnitude as the
b-axis step after correction of residual twinning effects. The extraordinary sharpness of the
MIT with a transition width of about 1 K verifies the O-content of 5.5 in the crystal [13] and
gives evidence for the high quality of the sample. According to literature, where the spin state
interpretation is based on the slope of the inverse susceptibility, one would expect an increase of
the magnetization at the MIT, due to a LS (IS) to HS change of the octahedral Co ions, whereas
the pyramids remain in the IS (HS) state [3, 6], [8]–[10], [13]. In our case the discontinuity
in the inverse magnetization curve (inset in figure 1 showing M−1) forbids a simple PM state
analysis and a corresponding slope based moment determination close to the MIT [9, 23]. To
understand this step of the magnetization and its origin it is necessary to go further into the
microscopic magnetic behaviour.
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3.2. XMCD

To achieve an element specific determination of the Co 3d spin and orbital moments across
the MIT, we studied the projected Co sample magnetization at the Co L2,3 edges using
XMCD [29]–[31]. The XMCD signal is the difference between the two x-ray absorption spectra
(XAS) measured with light helicity parallel and antiparallel to the sample magnetization, to
obtain the projected spin and orbital moments of the Co-atoms using so called sum rules
[32, 33]. Due to the fact that one cannot simply magnetically saturate the sample in a PM
phase along all measured crystallographic directions, we only present XMCD related effective
magnetic spin moments 2 〈sz〉 + 7 〈Tz〉, where a fraction of this spin could be due to the magnetic
dipole term [34]. As we are predominately investigating the PM phases of a DyBaCo2O5.5

crystal at about 40–50 K above the Curie temperature, complete sample saturation needs at
least 100 T, which is not possible for low-noise XMCD measurements so far. However, for the
determination of relative magnetic-moment changes in a PM phase, saturation is not necessary.
Saturation can in principle be important in terms of the MIT, due to possible long range magnetic
order, but the MIT appears at relatively high temperatures far in the PM phase, with related small
magnetization and magnetic ordering parameters. Therefore, magnetic long range order is not
responsible for the MIT, which is also supported by the field independent temperature position
of the MIT [13].

To gain insight into these relative changes and the microscopic origin of the magnetization
behaviour we recorded XMCD-spectra along the a- and c-axes in three different magnetic
phases, namely in the FM 245 K (black curve), the PMI 315 K (red) and the PMM phase 345 K
(blue) shown in figure 2. The changes in the XMCD signal with increasing temperature are
clearly observable, along with the MIT and its dependence on the crystallographic direction.
The relative decrease of the XMCD signal at the L3-edge from the FM to the PMI phase and
across the MIT is quantitatively consistent with the magnetization data shown in figure 1. The
easy-axis behaviour along the a-axis is evident (compare figures 2(a) and (b)), as is the XMCD
signal reduction by a factor of 2 (315 K → 345 K) across the MIT. As a result of the high signal-
to-noise ratio we are able to resolve the XMCD substructure of the L3 edge.

4. Discussion

Figure 3 shows the magnified XAS L3-edge region and related peak-normalized XMCD spectra,
in order to clarify the MIT-induced changes in the spectral shape. The a-axis-related XAS
also exhibit a small shift of 0.12 eV in spectral weight to lower energy (arrows in figure 3(b)),
according to a band gap reduction at the MIT. Spectroscopic results by Hu et al have already
shown that Co3+ in an octahedral (LS) coordination has a shoulder on the high-energy side,
while pyramids (HS) with the same valence state exhibit a shoulder at the low-energy side
(see XAS results of Hu et al and [7]). Compared to [7] pyramidal configurations at lower spin
states should provide a shift to lower energies, based on the reduced exchange/CF-energy-ratio,
whereas higher spin states at the octahedral site will provide a shift to higher energies, based on
the increased exchange/CF-energy-ratio. According to this picture of crystal field and exchange
energy related states, one would expect a conserved separation between the octahedral and the
pyramidal states observed in x-ray absorption spectroscopy [36].

For the system investigated here, the density of states (DOS) calculations from Wu exhibit
similar energy variations of the unoccupied DOS between the pyramids and the octahedra [37].
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Figure 2. XMCD spectra along the a-axis (a) and c-axis (b) at 245 K in the FM
phase (black), below 315 K (red) and above TMI 345 K (blue). (c) XAS along the
a-axis. In addition, the Ba M4,5 spectrum from [35] is reproduced and shifted for
better visibility.

Therefore, the L3-edge high-energy substructure is consistently identified to originate from the
octahedral Co ions (yellow shaded in figure 3), and the low-energy part from the pyramidal
ones (green shaded in figure 3) [7], with an overlapping region in between, related to both of
them. The strong reduction of the octahedral part at the MIT (see also figure 3), in comparison
with the low energy substructure (pyramids), gives further evidence for a reduced magnetization
at the octahedra in the PMM state as proposed by Wu [14]. In particular, below TMI the low-
energy part along the a-axis has about the same intensity as the high-energy part, but the relative
intensity changes from about 2 : 2 (at 775 eV) to 2 : 1 (at 776.5 eV) across TMI, enforcing the
following results about the microscopic moments. This leads to an interpretation of the spin
state transition located at the octahedral Co3+-ions from a higher spin-state configuration (HS
or IS) below TMI = 326 K to a lower spin-state configuration (IS or LS, respectively) above the
MI-transition.

We have applied conventional Co L2,3 edge sum rules [32, 33] to investigate the
temperature dependence of spin and orbital moments along the crystallographic a- and c-axes
separately. For the standard Co L2,3 XAS intensity approximation [38], we have estimated and
removed the Ba M4,5 XAS intensity as shown in figure 2(c), according to measurements of the
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Ba M4,5 edge on BaF2 [35]. The Ba 4f shell is empty in both cases (our spectrum and the BaF2)
resulting in a nonmagnetic 4f configuration. The reproduced Ba M4,5 spectrum is therefore
representative and in good agreement with our Ba-contribution estimated here.

We found a small PM (PMI and PMM) c-axis-projected spin moment of 1.5 ± 0.1 ×

10−3 µB/Co and an orbital moment of 0.6 ± 0.1 × 10−3 µB/Co, both remaining constant across
the MIT. Along the easy a-axis, a higher spin moment of 73 ± 1.8 × 10−3 µB/Co and an
orbital moment of 32 ± 2.9 × 10−3 µB/Co were observed in the FM phase at 245 K, which
decrease, respectively, to 28 ± 2.5 × 10−3 µB/Co and 8.6 ± 3.6 × 10−3 µB/Co at 315 K in the
PMI phase. The large absolute orbital-to-spin-moment ratios and their anisotropic expectation
values, as observed here, are the microscopic origin of the very strong macroscopic MCA,
which does not vanish in the PM phases [39]–[42]. Both sz and lz decrease by about 50%
to sz = 13 ± 1.2 × 10−3 µB/Co and lz = 4.3 ± 1.8 × 10−3 µB/Co, respectively, across the MIT.
This suggests that in the FM phase the octahedrally and pyramidally coordinated Co ions
are both of HS or IS character and a LS state at the octahedral sites below the MIT can be
excluded. Due to the fact that the spin–orbit ratio is not changing significantly across the MIT,
the vanishing moment has to have the same spin–orbit ratio as the remaining one. This leads us
to the conclusion that both sites have the same configuration in the FM and PMI phases.

In the following, we try to identify which configurations (HS, IS and LS) are present at
the various temperatures. Just from the high-temperature effective magnetic moments of 4.3 µB,
determined by a Curie–Weiss fit of the inverse susceptibility above the MIT, one can consistently
reproduce this value by a mixture of a HS–IS configuration providing 2.83 µB + 4.9 µB/2 =

3.87 µB and additional orbital magnetization, as shown above [6]. This indicates a transition
from a low temperature HS–HS to a high-temperature HS–IS configuration. Nevertheless, this
transition type should result in a change of the spin–orbital moment ratio, which is clearly
not observable here. In addition, this spin state assignment also implies that the slope based
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determination of the magnetic moment is valid for a highly anisotropic PM state. Following
the arguments given in section 3.1, we do not believe that this is simply correct here, clearly
questioning the correct relation of the determined absolute values (4.3 µB) with the expected
HS–IS (3.87 µB) result.

Taking also into account that the large orbital moments, present in PMI and PMM phases,
have been theoretically identified as an IS configuration with a hole in the t2g dxz orbital [24],
we can consistently identify the MIT as an IS–IS (PMI) to IS–LS (PMM) transition. This is also
consistent with the spin–orbital moment ratio, which remains constant across the MIT.

The reduction of the magnetic moment occurs consistently in the SQUID and XMCD
measurements, proving that the widely held assumption of a LS to HS transition at the
octahedral sites with a concomitant creation of a HS-conduction band cannot be the reason
for the MIT [3, 9, 13]. The observed large orbital moment below the MIT (T < TMI = 326 K)
can be explained by an IS state of Co3+-ions at pyramidal and octahedral sites. While above the
MIT, the octahedrally coordinated Co3+-ions are in a LS state, the pyramidal sites remain in the
IS state. This explains the reduction of the spin and orbital moments by 50% across the MIT.
The origin of the metallic phase should now be found in the delocalization of the O-pd σ holes,
as results from the theoretical study of Wu et al, consistent with the reduced crystal field [14].

5. Summary

We have performed low-noise XMCD measurements of DyBaCo2O5.5 in the FM and the two
PM insulating and metallic phases, i.e. below and above the MIT transition of this material.
The XMCD signal has been determined with a noise level down to 50 × 10−6 µB. Large
orbital moments have been found, providing a microscopic understanding of the unusual strong
anisotropic behaviour in this system. The high-energy spectral weight of the XMCD signal
vanishes at the MIT, identifying an octahedral LS state in the high temperature PMM phase.
Our XMCD results definitely exclude the spin state transition at the MIT of DyBaCo2O5.5 from
being of low to higher spin character, which is in contradiction to the majority of interpretations
published so far. We identify the spin state transition at the MIT in the REBaCo2O5.5 system as
an IS to LS transition located at the octahedral Co ions. Our results eliminate inconsistencies
between present experimental findings and theoretical LDA + U calculations [14].
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