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Evolution of magnetic phases in single crystals of SrFe1−xCoxO3 solid solution
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Single crystals of SrFe1−xCoxO3 solid solution with high valence ions (Fe4+/Co4+) were synthesized by
combining floating-zone and high-pressure oxygen-annealing techniques. As the Co content (x) is increased, the
ground state changes from the helimagnetic state (x � 0.05) through cluster glass to the ferromagnetic state (x �
0.2), with a high Curie temperature ranging between 245 and 337 K. We found that, within the helimagnetic
state (x � 0.05), several different magnetic phases, which possibly reflect versatile three-dimensional helical
orders with multiple wave vectors, emerge depending on temperature and magnetic field strength. In addition, we
observed Co-concentration–dependent systematic evolution of the complex magnetic phase diagram. Resonant
soft x-ray diffraction measurements revealed a gradual decrease in the wave vector of the helix toward the
ferromagnetic phase.
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I. INTRODUCTION

Compounds with helimagnetic (HM) structure exhibit
interesting physical properties.1–6 For the emergence of HM
structure, there are several mechanisms. The first one is based
on the Dzyaloshinskii-Moriya (DM) interaction as realized
in compounds with non-centrosymmetric crystal structure.1,2

The second one is the frustration among several competing
exchange interactions.3,4 The third one is mediated by con-
duction electrons, as proposed for rare earth metals or the
double exchange system with negative charge transfer energy.6

SrFeO3, with a simple cubic Pm-3m lattice symmetry, is a
well-known example showing a HM structure, and it provides
a good arena to study the complex helimagnetism.7,8 Neutron
diffraction has revealed that a HM structure is established at
TN = 134 K, and the wave vector is parallel to the 〈111〉
direction.9,10 The origin of this HM structure is attributed
to the competing nearest-neighbor (NN) ferromagnetic (FM)
and next-NN antiferromagnetic interactions,10 or to the double
exchange interaction with the negative charge transfer energy
or oxygen p-hole character.6 It is known that the HM structure
of SrFeO3 is easily turned into the FM state by the partial
substitution of Fe with Co.8,11 Figure 1 shows a magnetic
phase diagram of the SrFe1−xCoxO3 solid solution obtained
from our single-crystal samples in this study. When the Co
content x is increased to 0.05, the TN is quickly suppressed to
105 K, and then FM cluster glass (CG) behavior appears for
a Co content range around x = 0.1. In the region with x �
0.2, a long-range FM state emerges, and the highest FM Curie
temperature (TC) is around 337 K for SrFe0.4Co0.6O3. The end
compound SrCoO3 is also a FM metal at room temperature.12

In the case of undoped SrFeO3, the system undergoes
multiple magnetic transitions at different temperatures and
fields.13–16 As shown in Fig. 2(a), five HM phases (phase I–V)

have been observed in a previous study for the fully oxidized
single crystalline sample in high magnetic fields;16 three
magnetic transitions are observed at low fields around TN1 ≈
56 K, TN2 ≈ 110 K, and TN3 = TN ≈ 134 K. Furthermore,
at higher fields, two field-induced magnetic phases are found.
In phases I and II, but not in phase III, an unconventionally
enhanced anomalous Hall effect is observed, implying the
presence of nontrivial spin textures.16 These magnetic tran-
sitions can be unambiguously identified by magnetization and
transport measurements, but the detailed magnetic structures in
these phases are still unclear at present, although they certainly
possess the helix-related orders with very similar modulation
vectors (q-vectors), as found in neutron diffraction experiment
for SrFeO3 without a magnetic field.16,17 In order to understand
the properties of the complex magnetic phases, it will be useful
to finely control the Co concentration and study the evolution
of these magnetic phases in temperature-field planes.

Although polycrystalline samples of SrFe1−xCoxO3 solid
solution have been investigated in previous studies,8,18–21 there
is no report on the detailed evolution of magnetic phases with
light Co concentration. In addition, single crystalline samples
are indispensable to observe the intrinsic properties that might
be easily hidden by the effect of grain boundaries. However,
single-crystal samples of SrFe1−xCoxO3 solid solution have
not been available thus far. Due to the high valence state
of Fe4+/Co4+ ions in this system, high oxygen pressure
is needed to synthesize the compounds without oxygen
vacancies. Recently, a two-step method for synthesizing
fully oxidized large-size single crystals of high-metal-valence
perovskites has been developed.12,16,22 By means of this
technique, high-quality SrFeO3 and SrCoO3 crystals with
stoichiometric oxygen content were obtained.12,16 In this
work, we synthesized SrFe1−xCoxO3 single crystals with
finely controlled Co concentration using a similar method,
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FIG. 1. (Color online) (a) Magnetic phase diagram of single
crystalline SrFe1−xCoxO3 solid solution obtained in this study. PM,
HM, CG, and FM denote paramagnetic, helimagnetic, cluster glass,
and ferromagnetic phase, respectively. TN, TCG, and TC denote
the HM, CG, and FM transition temperature and are plotted with
black square, red circle, and blue triangle, respectively. The vertical
dotted lines represent approximate positions of phase boundaries.
(b) Magnetic diffraction peaks of SrFe1−xCoxO3 (x = 0, 0.02,
0.05) at 40 K obtained by resonant soft x-ray diffraction (RSXD)
measurements. The inset to (b) shows the x dependence of q, with q =
(q q q) being the scattering vector. The vertical bars indicate the vari-
ation of the q value within measured temperature range (40–150 K).

and investigated systematic changes of the multiple magnetic
phases with increasing Co content. Thus, composition (x)–
dependent magnetic phase diagrams were obtained in the
temperature vs magnetic-field planes for SrFe1−xCoxO3. In
addition, we clarified the change in q-vector of the helix
by using resonant soft x-ray diffraction (RSXD), which has
proven to be a powerful tool to investigate magnetic structures,
as recently used to study the magnetically ordered states in 3d

transition metal oxides.23–27

II. EXPERIMENTAL METHODS

High-purity SrCO3, Fe2O3, and Co3O4 were used as
starting materials for sample synthesis. First, oxygen-deficient
SrFe1−xCoxO2.5 polycrystalline samples with brownmillerite-
type structure were prepared through a standard solid-state
reaction method,28–30 and then single crystals were grown
from the polycrystalline rods by using a floating-zone method
in flowing Ar gas, as described elsewhere.12 These oxygen-
deficient crystals were treated in an oxidizing atmosphere at
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FIG. 2. (Color online) Magnetic phase diagrams for (a) SrFeO3,
(b) SrFe0.99Co0.01O3, (c) SrFe0.98Co0.02O3, and (d) SrFe0.95Co0.05O3

in the plane of temperature vs magnetic field. Phase boundaries are
determined from the temperature variation of magnetization (M-T)
and resistivity (R-T) collected in heating runs, and also from the field
variation of magnetization (M-H) and resistivity (R-H) obtained in
field-increasing runs. The phase diagram for SrFeO3 is reproduced
from Ref. 16.

6.5 GPa and 973–1073 K for 1 h by using a cubic-anvil–
type high-pressure apparatus. For the high-pressure annealing
process, excess KClO4 was used as oxygen source. The crystal
quality was checked by a back-reflection Laue method, and the
phase purity and lattice parameters were examined by using an
x-ray diffractometer with Cu-Kα radiation (40 kV, 300 mA).

Temperature dependence of magnetization was measured
with a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design Magnetic Property Measure-
ment System [MPMS]) in zero-field-cooling (ZFC) and/or
field-cooling (FC) modes at different fields. The ZFC process
was used to measure the field dependence of magnetization
at different temperatures. Temperature and field dependence
of resistivity was measured by using a Quantum Design
Physical Property Measurement System PPMS at constant
fields and temperatures, respectively. The values of the mag-
netoresistance (MR) ratio were calculated using the following
equation: MR ratio = [ρ(H) − ρ(0)]/ρ(0), where ρ(H)
and ρ(0) denote resistivity values at a magnetic field H and
zero field, respectively. The alternating current (ac) magnetic
susceptibility was also measured using a PPMS.

The magnetic q-vectors of SrFe1−xCoxO3 (x = 0, 0.02,
0.05) were investigated by using resonant soft x-ray diffrac-
tion. Measurements of RSXD were carried out using an
ultrahigh-vacuum diffractometer equipped at the beamline
17SU, SPring-8, Japan.31 The incident photon energy was
tuned to the Fe L3 edge (=708 eV). The polarization of the
incident x ray was circular, and we obtained the same results
from right- and left-handed circular polarization.

III. RESULTS AND DISCUSSION

The samples after high-oxygen-pressure treatment proved
to be of high-quality SrFe1−xCoxO3 single crystals. Figure 3(a)
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FIG. 3. (Color online) Room-temperature (a) powder x-ray
diffraction patterns, and (b) lattice parameter as a function of Co
content x for SrFe1−xCoxO3 solid solution. The error bars in (b) are
within the symbol size.

shows powder x-ray diffraction patterns measured at room
temperature (RT) for several representative compounds. All
the diffraction peaks can be well indexed in terms of a simple
cubic Pm-3m space group. The calculated lattice constant
is plotted against x in Fig. 3(b). Due to the smaller ionic
radius of Co4+ as compared to Fe4+,32 the lattice parameter
monotonically decreases with increasing Co content, except
for a compound with x = 0.2, where the magnetism changes
from cluster glass behavior to long-range FM ordering (Figs. 1
and 4). Since the lattice parameters are obtained at RT, where
the x = 0.2 crystal is paramagnetic while the x � 0.3 crystals
are ferromagnetic, the lattice anomaly observed at x = 0.2 is
indicative of a strong magneto-volume effect as discussed in
Ref. 8.

Figure 1(b) shows the magnetic peaks of SrFeO3,
SrFe0.98Co0.02O3, and SrFe0.95Co0.05O3 obtained by RSXD in
the HM phase at 40 K. The scattered intensity is plotted as a
function of q; here, scattering vector is denoted as (q, q, q).
Co-content (x) dependence of the peak position is shown in
the inset of Fig. 1(b). The q value decreases with increasing
x, which means the periodicity of the spin spiral increases as
x is increased. This result indicates that the increase in Co
concentration enhances the FM correlations.

Figure 4 shows the temperature dependence of magnetiza-
tion measured at 1 T in a zero-field-cooled warming run. A
cusp is clearly observed in each sample with x � 0.05, and
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FIG. 4. (Color online) Temperature dependence of magnetization
for (a) helimagnetic and (b) cluster glass and ferromagnetic crystals
of SrFe1−xCoxO3. The data were taken at H = 1 T applied along
[111] direction. The inset to (b) shows the ac magnetic susceptibility
of SrFe0.9Co0.1O3 measured at several different frequencies with ac
field amplitude of 10 Oe.

this temperature, assigned to TN (the onset of HM ordering), is
plotted in Fig. 1. Obviously, with increasing Co concentration,
the HM-ordering temperature is reduced, and the magnitude
of magnetization gradually increases. This means that the
introduction of Co ions reinforces the FM correlation in these
HM compounds, in accord with the results of RSXD. As
the Co content x is increased to 0.1, the helical spin state
is suppressed, and instead the compound displays a cluster
glass behavior, as characterized by a gradual increase in the
direct current (dc) magnetization around 250 K as well as
by the frequency-dependent behavior of ac susceptibility (see
Fig. 4 and the inset). As the Co concentration is further
increased to x � 0.2, a long-range ordered FM state with high
Curie temperature (>245 K) emerges, as shown in Fig. 4(b).
In the present system with high valence ions (Fe4+/Co4+),
theoretical as well as experimental studies have revealed the
presence of large negative charge transfer energy and the
holes on oxygen p-bands.33–35 In SrCoO3, the FM ordering
was suggested to originate from the double-exchange–like
interaction between Co spins and oxygen holes.34 Also in the
case of solid solution SrFe1−xCoxO3, the double-exchange
interaction is expected to play a key role for the emergence of
the FM state.

Corresponding to the HM ordering in the compounds with
x � 0.05, the magnetization is found to be H -linear for |H| �
7 T, as shown in Fig. 5(a). The slight hysteresis observed in the
x = 0.05 crystal may signal the presence of a short-range FM

064436-3



Y. W. LONG et al. PHYSICAL REVIEW B 86, 064436 (2012)

-4

-2

0

2

4

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

Co content (x)

M
 (

B
/f.

u.
)

-6 -4 -2 0 2 4 6
-4

-2

0

2

4

H (T)

 x = 0.2
 x = 0.3
 x = 0.6
 x = 0.8
 x = 1

M
 (

B
/f.

u.
)

 x = 0
 x = 0.01
 x = 0.02
 x = 0.05
 x = 0.1
 x = 0.15

SrFe
1-x

Co
x
O

3

T = 2 K 
H // [111]

(a)

(b)

(c) T = 2 K, H = 1 T

FIG. 5. (Color online) Field depen-
dence of magnetization for (a) helimagnetic
(x � 0.05) and cluster glass (x = 0.1
and 0.15), and (b) ferromagnetic crystals of
SrFe1−xCoxO3 measured at 2 K with field
along [111] direction. (c) Co concentration
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of high-spin Fe4+ (t2g
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1; S = 2) and
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4eg

1; S = 3/2).

correlation between Co and Fe ions. In accordance with the
picture of cluster glass, S-shaped magnetization accompanied
by a considerable hysteresis is found in the crystals with
x = 0.1 and 0.15. Moreover, the magnetization does not
saturate, even at 7 T. On the other hand, in the FM compounds
with x � 0.2, the magnetization rapidly increases with
increasing field and becomes saturated at about 1 T (Fig. 5(b)).
In contrast to the CG samples, the magnetic hysteresis in these
FM compounds is very small. For instance, the coercive field
observed in SrCoO3 is as small as 0.03 T.12

Figure 5(c) shows the Co concentration (x) dependence
of the magnetization value obtained at 1 T (above the
coercive field values of FM compounds) and 2 K. In the HM
region (x � 0.05), the magnetization is slightly enhanced
by increasing Co concentration, in accord with the result
of temperature dependence (Fig. 4(a)). Upon the magnetic
transition from AFM to CG (x = 0.1–0.15), the moment
shows a sharp increase. The magnetization values for x = 0.10
and 0.15 compounds (collected in a field-decreasing process)
almost coincide with each other, although the shape of the M-H
curves, shown in Fig. 5(c), is slightly different, reflecting the
transitional composition region between HM and FM states. In
the FM phase (x � 0.2), the magnetization reaches a maximum
at x = 0.3, and then gradually decreases as x is further
increased. As recently revealed for a SrCoO3 single crystal,
the spin state of Co4+ is close to an intermediate spin (t2g

4eg
1,

S = 3/2),12 in agreement with theoretical prediction.34 On
the other hand, the Fe4+ ion possesses a high spin state
(t2g

3eg
1, S = 2) with a larger spin moment compared to the

intermediate-spin Co4+ state.16 This simple picture basically
explains the gradual decrease in magnetization with increasing
Co concentration in the FM region, as represented in Fig. 5(c).

In the present SrFe1−xCoxO3 system, all the compounds
exhibit metallic behavior while the magnetism changes from
HM through CG to FM. Figure 6 shows the electrical resistivity
as a function of temperature in zero magnetic field for several
compositions. For the CG crystal with x = 0.1, there is no

clear anomaly in the temperature dependence of resistivity.
On the other hand, for the HM and FM crystals, clear
anomalies are observed at the magnetic transition temperatures
as shown by the arrows, suggesting considerable coupling
between magnetism and charge transport. In particular, in the
x = 0.02 crystal, there exist two anomalies, which correspond
to complex and successive transitions in the HM compounds,
as observed in SrFeO3.16 We therefore focused on the magnetic
and transport properties for the HM compounds in detail at
various temperatures and magnetic fields. The slightly doped
SrFe0.99Co0.01O3 can be used as an example to show these
interesting properties of the helimagnet.

Figure 7(a) shows the temperature dependence of mag-
netic susceptibility and its temperature derivative for
SrFe0.99Co0.01O3 measured at a low field of 0.1 T. Obviously,
three magnetic transitions are observed at TN1 (88 K), TN2

(123 K), and TN3 (129 K), respectively. This behavior is similar
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FIG. 6. (Color online) Temperature dependence of resistivity for
several representative compounds of SrFe1−xCoxO3. The data were
collected at zero field with current parallel to (111) plane. Arrows
indicate magnetic anomalies.
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to the evolution of the magnetic phases in SrFeO3,14–16 for
which neutron diffraction has been performed.9,16,17 Never-
theless, the changes in spin structure at the phase-transition
temperatures TN1 and TN2 remain elusive; the magnetic wave
vector value itself changes little upon these transitions, in
spite of rather sharp changes in magnetization and charge
transport as shown in the following. Although the long-range
HM ordering is established at TN3, no clear resistivity anomaly
takes place at this critical temperature. The reason for this is
not clear at present, but one possible origin is the effect of
strong spin fluctuation, which might start to develop from
well above the long-range ordering temperature in the present
highly symmetric cubic crystal structure. On the other hand,
the resistivity clearly changes at TN2 and TN1, as shown in
Fig. 7(b). Similar measurements were also carried out for other
HM crystals. As presented in Fig. 7(c), the introduction of Co
ions suppresses TN3 but enhances TN1. TN2 is slightly enhanced
for the 1% Co-substitution compound and then merges with
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tibility and (b) resistivity of SrFe0.99Co0.01O3 at different fields up
to 14 T. The arrows and triangles represent the phase-transition
temperatures TN2 and TN1, respectively.

TN3 at 2% Co content. TN1 also merges with TN2 at a Co
concentration of x = 0.05.

As mentioned already, the HM ordering originates from
the competing exchange interaction between the NN and the
next-NN couplings,10 or from the double-exchange interaction
in these materials with negative charge transfer energy.6

Application of uniform magnetic field may stabilize a state
with FM moment and thereby change the spin configuration.
The introduction of Co ions reinforces the FM interaction;
therefore, the stability of the HM magnetic phases also
depends on Co concentration sensitively. Figures 8(a) and
8(b) respectively show the temperature dependence of sus-
ceptibility and resistivity at different magnetic fields. With
increasing the field, both TN3 and TN2 (indicated by downward
arrows) clearly decrease, whereas TN1 (indicated by triangles)
shifts toward higher temperature (Fig. 8(a)). Above 8 T, the
magnetic anomaly at TN1 disappears or merges with TN2. This
observation is in agreement with the change found in the
resistivity data in magnetic fields (Fig. 8(b)).

To further examine the field effect on the HM structures,
magnetization and resistivity were measured at several fixed
temperatures for a field range up to 14 T. Figure 9 shows
some representative results at several temperatures. As shown
in Fig. 9(a), with increasing field, anomalies (marked with ar-
rows) are observed in magnetization curves. These critical field
values are determined to be the points where the field derivative
of magnetization shows a maximum. These transitions more
evidently show up in the field dependence of resistivity.
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Figure 9(b) presents the obtained magnetoresistance ratio
as a function of field, and the corresponding transitions are
clearly observed. For example, at 120 and 110 K, the MR
sharply increases at about 4.5 and 8.8 T, respectively. As
temperature decreases to 105 K, however, the MR firstly
exhibits a large decrease around 9.5 T, and then abruptly
increases near 12.5 T. Further lowering temperature to 100
or 90 K, only the transition at the lower field is observed in
the field range we investigated. These field-induced transitions
seem to accompany the field hysteresis and hence appear to be
first order in nature.

All of these anomalies observed in magnetization and
resistivity provide convincing evidences for field-induced
spin structural transitions. On the basis of these detailed
measurements, the phase diagram in the temperature vs field
plane is obtained for SrFe0.99Co0.01O3 as shown in Fig. 2(b). At
low fields, three different HM phases (I, II, and III) are found.
Accompanied by the phase transformations from I to II and
from II to III, clear magnetic and resistive anomalies show up.
At the transition from phase III to the PM phase, by contrast,
only the magnetic anomaly is discerned. When the field is
increased, two other magnetic phases (IV and V) emerge.
These two phases are tentatively assumed to be conical-like
spin states similar to B20-type compounds in magnetic fields.1

Detailed spin structures for these phases remain to be solved
in the future.

To systematically understand the evolution of helical spin
states, we have also measured the field and temperature de-
pendence of magnetization and resistivity for SrFe0.98Co0.02O3

and SrFe0.95Co0.05O3. Obtained phase diagrams are displayed
in Fig. 2, together with the phase diagram of SrFeO3, which is
reproduced from Ref. 16 for comparison. Obviously, magnetic
phases are largely affected by partial Co substitution. Only
1% Co content reduces the temperature windows of phases II
and III by 20 K and 18 K at low fields, respectively. A similar
suppression is also found for phase V. Moreover, the field value
of the multicritical point among phases I, II, and IV decreases
approximately from 14 to 9 T, and that of phases II, III, and V
decreases from 12 to 6 T. When the Co content is increased to
2%, phases III and V disappear, and phase II is also suppressed
significantly. The multicritical competition among phases I,
II, and IV occurs at about 3 T. Furthermore, in the 5% Co-
substituted crystal, phase II disappears, and only phases I and
IV are present. In addition, the phase boundary between phases
I and IV becomes rather low (<3 T), indicating that a conical
state is easily stabilized in this compound. This phase diagram
(Fig. 2 for x = 0.05) rather resembles those of conventional
helimagnets. The observed variation in the phase diagrams
together with the results of RSXD indicate that the HM phase
I is more stabilized while periodicity of the helix gradually
becomes longer as Co content is increased, and eventually the
ground state is turned into the FM phase via the CG state.

As in the case of SrFeO3, it is quite surprising and inter-
esting that the HM structures in the simple cubic perovskite
show up in such a large variety of magnetically distinct forms.
A plausible origin might be sought in the multi-q states,
e.g., the combination of the 〈111〉-equivalent q-vectors, as
in the case of the skyrmion lattice found in the MnSi and
related helimagnets.36–40 However, the rapid change in the
phase diagram as a function of Co concentration contrasts
with the case of MnSi-related materials,40 where the phase
diagram remains rather similar during the introduction of
disorder. The difference may be ascribed to the difference in the
relevant interaction (exchange interaction vs DM-interaction)
and resultant length scale of the helix (several nm vs several
tens of nm). The mystery of the versatile helimagnetic states
in the simple cubic chemical lattice remains to be solved;
nevertheless, the systematic behavior with Co concentration as
demonstrated in this study will be of great use to future studies.

IV. CONCLUSION

High-quality single crystals of SrFe1−xCoxO3 solid solu-
tion with simple cubic perovskite structure were prepared by
a two-step method. With increasing Co concentration (x),
the magnetism changes from a helimagnetic state with 0 �
x � 0.05 to a long-range ferromagnetic ordered state with x �
0.2 via an intermediate cluster glass state. While the system
undergoes a series of magnetic transitions, all the compounds
exhibit metallic behavior. What we found newly in this study
are the following. Similar to SrFeO3, three helimagnetic states
(phases I, II, and III) are observed in zero magnetic field
for the slightly Co-substituted sample SrFe0.99Co0.01O3. With
application of magnetic field, two phases, perhaps with conical
spin structure (phases IV and V), are found. Only 1% Co
substitution significantly reduces the temperature windows of
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phases II, III, and V. In addition, the critical fields from helical-
to-conical phase transitions are decreased considerably. When
the Co content is increased to 2%, phases III and V disappear,
and phase II is further suppressed. In the sample with 5% Co
content, phase II also disappears, and only phases I and IV
are left. Resonant soft x-ray diffraction measurement revealed
that, in the course of this evolution of the magnetic phase
diagram, the q-vector of the helix becomes gradually smaller.
Thus, the transition to the ferromagnetic state is characterized
by an increase in the periodicity of the helimagnetic structure.
Detailed magnetic structures in the respective phases, possibly
with some higher-order superstructures, should be explored
in the future on the basis of the presently observed phase
diagrams.
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