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Using resonant soft x-ray scattering as a function of both temperature and magnetic field, we
reveal a large number of almost degenerate magnetic orders in SrCo6O11. The Ising-like spins in
this frustrated material in fact exhibit a so-called magnetic devil’s staircase. It is demonstrated
how a magnetic field induces transitions between different microscopic spin configurations, which
is responsible for the magnetoresistance of SrCo6O11. This material therefore constitutes a unique
combination of a magnetic devil’s staircase and spin valve effects, yielding a novel type of magne-
toresistance system.

PACS numbers: 71.30.+h, 71.28.+d, 79.60.Dp, 73.61.-r

Combining different materials in artificial nanostruc-
tures is a most important approach to create improved or
even completely new electronic functionalities for techno-
logical applications. A very prominent example for this is
the giant magnetoresistance (GMR), which was first real-
ized by multilayers of alternating nonmagnetic and ferro-
magnetic metals [1, 2] and which now is an indispensable
part of today’s information technology. In these GMR
systems the electrical resistance is high for an antipar-
allel alignment of the magnetization in the neighboring
magnetic layers, while it is low for a parallel alignment of
those magnetizations. For this reason such systems are
also referred to as spin valves.

Large or even colossal magnetoresistance can also oc-
cur as an intrinsic effect in bulk materials, due to the
interplay of mobile charge carriers and localized spins.
Here the doped manganites provide the probably most
famous examples [3–7]. A particularly interesting ma-
terial with intrinsic magnetoresistance is the recently
discovered Co oxide SrCo6O11, the lattice structure of
which is believed to realize a GMR multilayer system
at the atomic scale [8]. Figure 1 (a) shows the nor-
malized out-of-plane resistivity ρc(H)/ρc(0) of SrCo6O11

(H//c), which is a clear manifestation of magnetore-
sistance in this material [9]. As shown in Fig. 1 (b),
SrCo6O11 exhibits a layered crystal structure consist-
ing of three parts: (i) metallic Kagome-layers formed
by the edge-sharing octahedra, (ii) dimerized octahedra
and (iii) trigonal bipyramids. In the following the Co-
sites of the Kagome-layers, the dimerized octahedra and
trigonal bipyramids are referred to as Co(1), Co(2) and
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Co(3), respectively (cf. Fig. 1 (b)). It was shown earlier
that the magnetism of SrCo6O11 is due to localized Ising-
like spins of the Co(3)-sites, whereas the charge trans-
port happens in the subsystems containing Co(1) and
Co(2) [9]. The metallic Kagome-layers are hence linked
by magnetic layers containing Co(3) and therefore real-
ize a GMR-multilayer structure at the atomic level. The
observed strong Ising type anisotropy along the c axis
can be explained by a non-vanishing orbital moment and
the resulting spin-orbit coupling of Co(3), as discussed
earlier for Ca3Co2O6, which also contains Co-sites with
trigonal local symmetry [10].

One of the most striking magnetic features of SrCo6O11

observed so far are plateaus in the magnetization as a
function of the applied magnetic field along the c-axis [8]
as shown in Fig. 1 (c). These plateaus correspond to 1/3
and 3/3 of the saturated moment [8] and were found to
reflect different stackings along c, namely an up-up-up
structure for the 3/3 phase and an up-up-down configu-
ration for the 1/3 phase [11]. As in the case of an artificial
GMR-multilayer, the transition between these magnetic
phases are thought to cause the giant magnetoresistance
of this compound. Specifically, the magnetic up-up-up
structure of the 3/3 phase [9] leads to less spin scattering
and therefore a smaller electrical resistivity than in the
up-up-down configuration of the 1/3 phase [9].

In this letter, we present a high-resolution resonant
soft x-ray scattering (RSXS) study of SrCo6O11 bulk
single crystals as a function of temperature (T ) and ap-
plied magnetic field (H). We discover various metastable
magnetic orders in low magnetic fields that escaped de-
tection in earlier experiments. The occurrence of all
these metastable phases can be interpreted in terms of
strong frustration in a strongly anisotropic magnetic sys-
tem, which results in a large variety of almost degener-
ate magnetic structures [12–19]. In fact, our results im-
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FIG. 1: (Color online) (a) Normalized out-of-plane resistiv-
ity ρc(H)/ρc(0) of SrCo6O11 (H//c) taken from Ref. [9].
(b) Crystal structure of SrCo6O11. (c) Out-of-plane mag-
netization of Sr1−xBaxCo6O11 as a function of magnetic
field (H//c) at 5 K. (d) Temperature dependence of out-of-
plane magnetization of SrCo6O11 in low magnetic field region
(H//c).

ply that SrCo6O11 is the first realization of a magnetic
devil’s staircase in a 3d-electron system. Our central re-
sult therefore is that magnetic frustration is a fundamen-
tal ingredient for the functionality of SrCo6O11 which re-
alizes a novel and sensitive GMR-system at the atomic
level in a single phase material. In addition, the high
degree of frustration intrinsically causes a strong sensi-
tivity of the system to external modifications which con-
sequently opens the possibility of tailoring functionality
as demonstrated in this study by Ba substitution at the
Sr site.

Pure and Ba-substituted SrCo6O11 bulk single crystals
were synthesized by the high-pressure technique [8]. The
typical sample size was ≃ 0.20 × 0.20 × 0.05 mm3. The
out-of-plane magnetization of pure and Ba-substituted
SrCo6O11 are shown in Figs. 1 (c) and (d). RSXS is a
powerful tool to reveal ordered structures in solids such
as magnetic, charge and orbital ordering [20–25]. Here
we employed the strongly enhanced magnetic sensitiv-
ity of RSXS at the Co 2p3/2 edge (780 eV) in order to
investigate the subtle magnetic phase transitions in our
small-volume samples depending on temperature and ex-
ternal magnetic fields. The present study is one of the
very first RSXS experiments performed under magnetic
fields of several Tesla. The experiments were carried out
at the High-field Diffractometer operated at the UE46-
PGM1 beamline of BESSY-II, Germany. Figure 2 (a)
shows the scattering geometry used for the present ex-
periments. Temperatures down to 4 K could be reached
using a continuous helium-flow cryostat. X-ray polariza-
tion was linear (σ and π). Applied magnetic field was up

to 4 T.
Figure 2 (b) shows the diffraction peaks of SrCo6O11

at zero field for various temperatures. Quite surprisingly
and very uncommon for RSXS experiments, a large num-
ber of superlattice reflections at L = 2/3, 5/6, 1, 7/6, 4/3
and 3/2 is observed. The small and temperature inde-
pendent peak at L = 1.37 is assigned to some impurity in
the sample because it does not show temperature depen-
dence. L = 1 commensurate (CM) peak and two incom-
mensurate (ICM) peaks around L = 0.8, 1.2 appear at
20 K (Tc1). These ICM peaks move to L = 5/6 and 7/6,
respectively, as the temperature is decreased, and finally
are locked at these values at 12 K (Tc2), respectively. At
Tc2, there appear L = 5/6 and 8/7 shoulders of the L =
7/6, and simultaneously L = 2/3, 4/3 and 3/2 peaks.
Intensities of all the magnetic peaks were independent

of the polarizations σ and π, as shown in Fig. 2 (d) for
the case of L = 6/5. For a trigonal local symmetry and
spins along the c direction, the magnetic scattering factor
can be expressed as

fmag =

(

σ π

σ′ 0 mcsinθ
π′ mcsinθ 0

)

where mc is the components of the spins along the c-axis
and θ is the scattering angle [26, 27]. In this case, pure
σ -π′ and π - σ′ channels have the same intensity, which
agrees very well with our experimental results and verifies
the interpretation in terms of magnetic scattering.
The emergence of the magnetic L = 2/3 and 4/3 peaks

agrees well with the powder neutron diffraction measure-
ment at 2 T. In order to assign the shoulder peaks around
L = 7/6, the data were fitted by three components of
L = 7/6, 8/7 and 6/5 as shown in Fig. 2 (c). These
results therefore directly reveal that a large number of
magnetic phases coexist in zero magnetic field and, in
particular that the ↑↑↓ configuration is realized even at
zero magnetic field. We observed the magnetic peaks of
L = n/6 with n = 4, 5, 6, 7, 8, and 9. However,the tem-
perature dependence varies for different n and the peaks
with n = 5 and 7 show the shift from ICM to CM peak
position and the others do not. This indicates that all
the different peaks cannot be due to one magnetic mod-
ulation with L = 1/6 but belong to different magnetic
stacking sequences. This is also reflected in the observed
field dependent behaviour.
The geometry of x-ray beam and the superconducting

magnet for the field-dependent experiment is shown in
Fig. 3 (a). Figure 3 (b) shows the magnetic peaks at 12
K around L = 4/5. The denoted values of the magnetic
field are the c-axis component because the ab component
is irrelevant to the magnetic structures due to the strong
Ising-like anisotropy [9, 11]. The L = 5/6 peak has strong
intensity aroundH = 0 T, while the 4/5 peak is stabilized
around H = 0.2 T, indicating that the magnetic peaks
with different L behave differently under magnetic fields.
In this way, we have been able to explore the entire

H-T diagram of this complex magnetic system as shown
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FIG. 2: (Color online) (a) Experimental geometry for RSXS
measurements. The arrows indicate the directions of polar-
izations of x-rays. (b) Magnetic peak profile of SrCo6O11 at
various temperatures at zero magnetic field. (c) Magnetic
peak fitting of SrCo6O11 around L = 7/6. (d) Photon-energy
dependence of intensity of the L = 6/5 reflection for σ and π
polarizations.

in Fig. 4. The phase boundary between ↑↑↑ and ↑↑↓
states was determined by magnetization measurements,
and the other boundaries were determined by the present
RSXS results. Here, 〈n〉 represents the magnetic period-
icities. Since the SrCo6O11 unit cell contains two equiva-
lent Co(3) Bragg planes along c, (002) is the first allowed
structural reflections and (001) corresponds to a simple
↑↓↑↓ antiferromagnetic order. Therefore 〈2〉 corresponds
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FIG. 3: (Color online) Geometry for RSXS under magnetic
field (a), and magnetic peaks observed under various field (b).

to L = 1, 〈4〉 to L = 3/2, 〈5〉 to L = 4/5, and 〈12〉 to
L = 5/6. The phase diagram demonstrates that various
magnetic orderings with different periodicities are formed
in the low temperature and low field region. Obviously,
the energies of these magnetic structures are quite close,
and the corresponding energy differences sensitively de-
pend on temperature and magnetic fields. A similar be-
havior has been observed in CeSb, which also has various
magnetic orderings depending on temperature and field
[12–14]. This phenomenon is called “the devil’s stair-
case”, whose mechanism is described by the axial next
nearest neighboring Ising (ANNNI) model [12–19]. The
ANNNI model describes competing interactions between
nearest and next-nearest Ising spins, which yields various
magnetic orderings with close energies.
In SrCoO6 the situation is very similar in that i) Co(3)

has a strong Ising anisotropy and ii) our RSXS results re-
veal a coexistence of various essentially degenerate mag-
netic phases. We therefore conclude that the SrCoO6

indeed exhibits a devil’s-staircase scenario, i.e. a coex-
istence of a large number of magnetic periodicities with
almost the same energies. Such coexistence is destroyed
by the application of an external magnetic field, select-
ing only those phases which are energetically favorable
now, leading to the magnetization plateaus observed in
macroscopic measurements. Therefore, SrCo6O11 is con-
sidered as the first example of the devil’s staircase which
was found in a 3d-electron spin system.
However, in order to explain ordered structures with

long periodicities, one needs magnetic interactions that
go well beyond the nearest neighbors. A plausible expla-
nation can be provided by the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction via the metallic planes.
SrCo6O11 has strong coupling between conduction elec-
trons and localized spins, where RKKY interactions play
the most important role. Consequently the very com-
plex behaviour of the magnetically highly frustrated
SrCo6O11 is far beyond the description of the simple
ANNNI model. It may be better described by a more
complex model with both localized spins and conduction
electrons.
Interestingly the observed very complex microscopic
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FIG. 4: (Color online) Magnetic phase diagram of SrCo6O11

determined by RSXS measurements. The phase boundary
between ↑↑↑ and ↑↑↓ states was determined by magnetization
measurements.

magnetic behavior seems to be also reflected in the
macroscopic material properties: The out-of-plane mag-
netization at low temperatures in low magnetic fields in
Fig. 1 (d) show hysteresis and additional plateaus around
1/5 and 1/6. These plateaus are caused by the phases
of L = 4/5 and 5/6, which have a smaller magnetization
than the 1/3 phase. However, finally, the strongest fer-
rimagnetic phase (L = 4/3) is the only remaining phase
in higher magnetic fields, which creates the 1/3 magne-
tization plateau. This field- and temperature dependent
magnetization is closely linked to the measured normal-
ized out-of-plane resistivity ρc(H)/ρc(0), which is char-
acterized by several plateaus and hysteretic behaviour in
the low-field region as shown in Fig. 1 (a). These macro-
scopic properties can be easily understood on the basis
of the observed magnetic phase diagram: The magnetic
phases in the low-field region are connected with anoma-
lies in magnetization and resistivity since the magnetic
field is able to select and stabilize single phases out of
this “nearly degenerate ground state”. Hence, the basic
mechanism behind functionality of the novel spin valve
system SrCo6O11 is a very high degree of magnetic frus-
tration leading to a complex magnetic phase mixture
whose delicate balance can be easily modified even by
small magnetic fields.
Besides the related magneto-resistive functionality,

frustrated magnets are also very sensitive to chemical
doping. In contrast to robust systems, which require sub-
stantial doping to alter material properties, here a fine
tuning of material properties should be possible by very
low doping, in this way preventing unwanted side-effects.
This is demonstrated in the present study by Ba substi-

tution of Sr of only a few percent as shown in Fig. 5. In
Sr0.97Ba0.03Co6O11 one cannot see any magnetic peaks
around L = 5/6 or 7/6, demonstrating that small Ba
substitution of only 3% destroys almost the degenerate
ground states, and consequently shifts the 1/3 → 3/3
functional step to lower magnetic fields. Stronger substi-
tution of 10% shifts this step to 0 T, i.e. the system has
a FM ground state as shown in Fig. 1 (c).
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FIG. 5: (Color online) Magnetic peaks at zero field of
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In summary, we have investigated the magnetic struc-
tures of SrCo6O11 bulk single crystals. We observed the
first devil’s staircase behavior in a 3d system where cou-
pling is mediated by RKKY interaction. This is a con-
sequence of a highly frustrated magnetic systems. The
ground state, where there is a coexistence of various mag-
netic periodicities with almost the same energies, is very
susceptible to magnetic fields and finally is the respon-
sible mechanism behind the observed macroscopic func-
tionality. In connection with the layered structure and
Ising like anisotropy, this generates a spin valve func-
tionality in a single phase material, which usually re-
quires complex heterostructures. Furthermore, having
frustration as the fundamental mechanism, this system
can be easily tunable, rising the hope for engineered sys-
tem properties, which has been demonstrated here by
studying the behavior depending on very small amount
of Ba doping.
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