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Complete phase diagram of Sr,_,La,FeO; with versatile magnetic and charge ordering
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A detailed electronic phase diagram of perovskite-type oxides Sr;_La,FeO; (0 < x < 0.5) was established
by synchrotron x-ray diffraction, magnetization, and transport measurements for polycrystalline samples syn-
thesized by a high-pressure technique. Among three kinds of helimagnetic phases in SrFeO; at zero field, two
of them showing multiple-g helimagnetic spin textures tend to rapidly disappear in cubic symmetry upon the
La substitution with x less than 0.1, which accompanies the loss of metallic nature. On the other hand, the third
helimagnetic phase apparently remains robustly in Sr;_,La,FeO; with x higher than 0.1, followed by merging
to the spin/charge ordered phase with x ~ 1/3. We propose an important role of itinerant ligand holes on the
emergence of multiple-g states and a possible link between the third (putative single-q) helimagnetic phase in
SrFeO; and the spin/charge ordered phase in Sry/3La;3FeOs.

DOI: 10.1103/PhysRevMaterials.4.114420

I. INTRODUCTION

Spin/charge ordering phenomena in 3d transition-metal
oxides are the manifestation of the emergent interplay be-
tween spin and charge degrees of freedom in strongly
correlated electron systems [1-6]. Perovskite-type ferrites
with unusually high-valence Fe ions are such attractive oxides
showing a rich variety of unique spin/charge ordering [7,8].
For instance, as for perovskites AFeO3 (A = Ca, Sr) with Fe*t
ions, CaFeO3; shows incommensurate helimagnetic ordering
and charge ordering due to charge disproportionation of Fe**
into Fe*™ and Fe>* [9], while SrFeO; has been revealed to
host various helimagnetic structures being free from charge
ordering instability [10]. On the other hand, for perovskites
with Fe*®™* jons, Sry3La;/3FeO3 with rhombohedral distor-
tion has been reported to show a commensurate spin/charge
ordering: threefold charge ordering as —Fe’t —Fe3* —Fe "-
and sixfold spin arrangement as $11 |, both propagating
along the [111] direction in the pseudocubic unit cell [11-13].

Recently, the spin/charge ordering in Sry,3La;,3FeO3 has
been revisited and found to be potentially different from the
one originally proposed by Battle ez al. [11]. As for the charge
ordering, Blasco et al. have proposed the charge distribu-
tion of Fe3 67+ — Fe367+0 _ Fe367=-2% rather than Fe®%7—% —
Fe367=% — Fe307+2% (Fe3+ —Fe’* —Fe’™) on the basis of x-ray
absorption spectroscopic analyses [14]. They have also sug-
gested that an order-disorder transition takes place therein,
instead of the significant charge disproportionation. Further-
more, a neutron diffraction experiment has suggested that the
helimagnetic spin structure with ¢ = (1/6,1/6,1/6) in the
pseudocubic cell can be eligible as well as the collinear spin
structure [15]. It should be noted here that Ca;/3La;3FeO;
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with A-site ordered perovskite structure has recently been
found to show two types of spin/charge ordering as a function
of temperature [16,17]. Whereas the spin/charge ordering at
lower temperatures is the same as that of Srp/3La;/;3FeOs,
the other at higher temperatures has charge ordering along
[010] and helical spin structure with a propagation vector
q=(1/3,1/3,1/3) on the pseudocubic unit cell. These re-
cent advances on A;;3La;,3FeO3 imply that the ground states
of perovskite-type ferrites with Fe**/4* ions remain to be
established.

In this work, we systematically studied structural, mag-
netic, and electronic properties of Sry_,La,FeOs with x from
0 through 0.5 to see how the helimagnetic phases at x = 0
change to the spin/charge ordered phase at x = 1/3, and even-
tually to the antiferromagnetic Mott insulating phase in the
La-rich region. A cubic perovskite SrFeO3 has been reported
to host five different helimagnetic phases, termed phases -V
[10]. Phases I-III are stable at zero field, whereas phases IV
and V appear only in the presence of the magnetic field. Re-
cent neutron diffraction experiments have revealed that phases
I and II can be characterized by the anisotropic double-q
and isotropic quadruple-q spin spirals propagating along the
<111> equivalents, respectively, the latter of which yield
three-dimensional topological spin texture with hedgehog and
antihedgehog singularities [18]. Phase III has also been found
to be helimagnetic with the spin propagation along the <111>
direction, but it remains elusive how the spins are twisting and
whether the helical spin modulation vector is single or mul-
tiple. In this study, we discuss the La-doping effect on these
helimagnetic phases and the relation between phase III and the
commensurate spin/charge ordered phase in Sry/3La;,3FeOs.
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TABLE 1. Refined structural parameters for Sry_,La,FeO; with x = 0.25 and x = 0.45 at room temperature.

Atomic parameters Reliability factors

X Space group  Lattice parameters (A)  Atom  Site  Occupancy X y Z Biso(A?) Ryp S
0.25 Pm3m a =3.869(2) Sr 1b 0.75 172 172 172 027(2) 0.930 0.7770
La 1b 0.25 172 17212 0272
Fe la 1.0 0 0 0 0.13(2)
(0] 3d 1.0 172 0 0 0.58(4)
0.45 R3c a=5.497(5) Sr 6a 0.55 0 0 174 0.32(2) 1.400 1.3859
¢ =13.437(9) La 6a 0.45 0 0 /4 0.32(2)
Fe 6b 1.0 0 0 0 0.16(2)
(6] 18e 1.0 0.465(1) 0 174 0.25(8)

II. EXPERIMENTAL METHODS

Polycrystalline samples of Sr;_,La,FeOs; were prepared
by the following two-step method. First, polycrystalline sam-
ples of the oxygen deficient perovskites Sry_.La,FeO;_; were
synthesized by a conventional solid-state reaction. The
starting materials (SrCO3, La,03, and Fe,03) were stoichio-

(a)
—_ x=
@ @ 0.5
S 5 0.45
8 £ 0.4
©
% ¥= T 0.33
= lelw 045 =
5 = AAN033 G 0.25
< N~ {.A_L...J..A.; 0.25 = 0'2
AX JL~—'~—*—* 0.2 ’
| | I W b 0:1
JLI_I__‘_L.L..LI_A_A_A_. 0 0
10 20 30 40 50 16 17 18
20 (deg) 20 (deg)
2 o f’ Sl x—o(zcsz
o Pm3m -
8 -\J LA.J A 1 AAA A A A A
Q y A
E | | 1 | I | | e LEEE (RRN (AR
op + + + + +
@
=
>
o
<r()
=)
>
B
g
QL »ﬂ—M
= OJ | | | nri \IIII\IIIII.HIIIIIIIIIIIIII IHJIIIIIIIIIIJIIIIIIllll
10 20 30 40 50 60 70 80

26 (deg)

FIG. 1. (a) Synchrotron powder XRD patterns for Sr;_,La,FeO;
with selected compositions at room temperature and (b) the magni-
fied view around 26 of 17 °. Rietveld refinement plots of synchrotron
XRD data for Sr;_,LaFeO; with (c¢) x = 0.25 and (d) x = 0.45.
The red dots, green lines, blue lines, and vertical green tick marks
represent observed patterns, calculated patterns, differences between
observed and calculated intensities, and Bragg reflection points, re-
spectively. The insets in (c,d) show the crystal structure of x = 0.25
and x = 0.45, respectively.

metrically mixed and sintered at 900 °C—1250 °C in air for
12-24 h. This process was repeated two or three times. The
obtained powder was pelletized and sintered again at 1300 °C
for 24 h in a flow of Ar gas. Second, the sintered sample was
sealed in a gold capsule with an oxidizing agent (NaClO3),
and annealed at 500 °C and 8 GPa for 1 h using a cubic-anvil-
type high-pressure apparatus.
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FIG. 2. x dependences of (a) pseudocubic lattice constant d@cypic,
(b) Fe-O bond length, (c) Fe-O-Fe bond angle, and (d) bond valence
sum (BVS) of Fe ion. agy, for the rhombohedral compounds with
x = 0.33 was calculated by aeypic = (V/6)!/3 (V: volume of the thom-

bohedral unit cell). The broken line in (d) corresponds to the formal
valence predicted from the chemical composition.
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FIG. 3. (a—c) Temperature dependence of magnetic susceptibility for Sr;_,La,FeO3; measured at 0.1 T. The measurements were performed
on field cooling (FC), on warming after field cooling at 0.1 T (FW), and on warming after zero-field cooling (ZFC). (d) Temperature dependence
of resistivity for Sr,_,La,FeO; measured on cooling and heating at O T. The closed triangles in (b,d) denote the onset of spin/charge ordering.

Synchrotron powder x-ray diffraction (XRD) was per-
formed at beamline 8A, Photon Factory, KEK, Japan. The
wavelengths of the synchrotron x-ray in the range from
0.68975 to 0.68987 A were calibrated for each compound
by a standard sample of CeQ,. Crystal structures were re-
fined by Rietveld analysis using RIETAN-FP [19]. The bond
valence sum (BVS) for the Fe ion was calculated by BVS =
Xexp[(ro—7;)/0.37], where r; represents the Fe-O bond
length. ry for each composition was obtained by the linear
interpolation between 1.759 (Fe**, x = 1) and 1.78 (Fe*,
x = 0) [20]. Magnetic properties and resistivity were mea-
sured with magnetic property measurement system (MPMS)
and physical property measurement system (PPMS) (Quan-
tum Design), respectively.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the synchrotron powder XRD
patterns of Sr;_,La,FeOs; with selected compositions at room
temperature and their magnified view around 20 ~ 17°,
respectively. The results of Rietveld refinement for compo-
sitions with x = 0.25 and 0.45 are shown in Figs. 1(c) and
1(d), and the refined structural parameters are summarized in
Table 1. For 0 < x < 0.25, all reflections can be indexed well

with a simple cubic perovskite-type structure (Pm3m). For
0.33 < x £ 0.5, the reflection at 20 ~ 17°, which is absent
in the cubic phase, can be indexed as 113 in the rhombohedral
structure (R3c), as previously reported [14,21]. Figures 2(a)—
2(d) show the x dependence of the lattice constant, the Fe-O
bond length, the Fe-O-Fe bond angle, and BVS of Fe ions, re-
spectively. For the rhombohedral phase with 0.33 < x < 0.5,
the lattice constant is converted to the pseudocubic values.
Upon the La doping for SrFeOs3, the lattice constant increases
linearly following Vegard’s law, indicating that the oxygen
deficiency of the samples is negligible. With increasing x,
the Fe-O bond length increases monotonically, reflecting the
decrease in the valence of Fe ions from +4 to +(4—x) as
found in the BVS for Fe ions, while the average ionic radius
of the A-site ion decreases. Thus, the La doping is expected to
reduce the tolerance factor from unity, which manifests itself
as the structural phase transition from cubic (0 < x < 0.25)
to rhombohedral (0.33 < x < 0.5) and the decrease in the
Fe-O-Fe bond angle down to 168° at x = 0.5 in the rhom-
bohedral phase. From the interpolation of the deviation of the
Fe-O-Fe bond angle from 180 °, the critical composition for
the structural transition can be estimated as x ~ 0.3.

Figures 3(a)-3(d) show the temperature dependence
of magnetic susceptibility and resistivity. As shown in
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Figs. 3(a)-3(c), a cusp indicating an onset of antiferro-
magnetic order can be found for all compositions in the
temperature-increasing process after zero-field cooling (ZFC).
Upon increasing x, the temperature dependence of resistiv-
ity shown in Fig. 3(d) exhibits a systematic change from
metallic to insulating, whereas the absolute value of re-
sistivity develops nonmonotonously around x = 0.17, 0.2,
and 0.25, potentially due to the experimental uncertainty
in the resistivity measurements for polycrystalline samples.
For 0.33 < x £ 0.4, a kink or a jump in resistivity is ob-
served at the antiferromagnetic ordering temperature, which
most likely corresponds to the spin/charge ordering as re-
ported previously [14]. It should be noted that the compounds
with x = 0.17, 0.2, and 0.25 show a smeared kink in the
resistivity upon the magnetic ordering, which will be dis-
cussed later. As x increases from 0.33, a large difference
between FC (field cooling) and ZFC runs appears below
the magnetic transition temperature [see also Fig. 6(a)],
which is most likely attributed to weak ferromagnetism in-
duced by the lattice distortion. The enhancement of the
difference between FC and ZFC curves with La doping pre-
sumably reflects the development of spin canting due to
the increase in the rhombohedral distortion as confirmed in
Fig. 2(c).

Figures 4(a)-4(c) show the magnified view of Figs. 3(a)
and 3(d) for 0 < x<0.1. For 0<x<0.02 (0.05<x <
0.07), there exists two (one) first-order phase transitions be-
low the antiferromagnetic transition temperature around 130
K, which is also apparent in the temperature derivative of
magnetic susceptibility and resistivity shown in Figs. 4(d)—
4(f). These transitions correspond to the onset of the three
different helimagnetic phases in SrFeOj3 at zero field (phases
I-III) [10]. Whereas the transition temperature for phase III
remains almost constant around 130 K, those for phases II
and I tend to decrease upon La substitution with x less than
0.1, accompanied by the loss of metallic character.

Figures 5(a)-5(c) show the magnetic field dependence of
magnetization (left axis) and magnetization divided by mag-
netic field (right axis) for selected compositions. Whereas the
magnetization curves for x = 0, 0.05 are weakly nonlinear
(concave downward) with the magnetic field, that for x = 0.1
is almost linear, as confirmed by the slope of M/B as a function
of B (see also Fig. S1 in the Supplemental Material [22]). This
x-dependent change in the magnetization curves may reflect
the change in the ground state from phase I to phase III, or
the increase in the critical field for the transition from a proper
screw state to a conical state as the period of spin spiral at zero
field becomes shorter as will be discussed later. Figures 5(d)—
5(i) show the magnetoresistance (MR) defined as MR =
Ap(B)/p(0)[Ap(B) = p(B)-p(0)] at 5 and 100 K. Positive
MR is apparent in x =0 at T = 100K, whereas negative
MR is observed at other compositions and temperatures (see
also Fig. S2 in the Supplemental Material [22]). It has been
reported for SrFeOs; that negative MR is observable for all
helimagnetic phases except for phase II, where positive MR is
found as a characteristic feature for the topological spin tex-
ture [18]. In fact, MnGe with a similar topological spin texture
shows positive MR, the origin of which has been discussed
in terms of the large spin fluctuations brought by the field-
induced annihilation of hedgehogs and antihedgehogs [23].
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FIG. 4. Temperature dependence of (a) magnetic susceptibility
and (b,c) resistivity for 0 < x < 0.1 measured on cooling and warm-
ing runs. Temperature derivative of (d) magnetic susceptibility and
(e,f) resistivity for 0 < x < 0.1. The solid and broken lines in (d,e)
show the data for warming and cooling runs, respectively. The closed
and open triangles correspond to the transition temperatures separat-
ing the different helimagnetic phases (phases I-11I) determined from
the data for warming and cooling runs, respectively. In (d,e), the data
are offset for clarity. For x = 0.02, the transition between phases [
and II is apparent only in the resistivity data.

Summarizing the magnetic and resistivity data of
Sri_,La,FeOs;, we obtained the electronic phase diagram
shown in Fig. 6(c). Depending on the La content x,
there exist three characteristic regions: the helimagnetic
metal phase (0 < x < 0.1), the spin/charge ordered phase
(0.33 < x < 0.4), and the canted antiferromagnetic insulating
phase (0.45 < x < 0.5). In the helimagnetic metal phase, the
significant La-doping effect on phases I and II manifests itself
as the subtle sensitivity of multiple-q states to the change
in the valence of Fe ions, which will be discussed later. On
the other hand, phase III is robust against the La doping and
continuously connected to the spin/charge ordered phase at
x = 0.33 through the transient region of x = 0.17 ~ 0.25.
Since the magnetic susceptibility for ZFC at T = 5K shows
a monotonic decrease with increasing x for x < 0.33 and
becomes constant for x = 0.33 [see Fig. 6(a)], the helical
spin structure is expected to be collinear somewhere below
x =0.33. We note here that this x-dependent magnetic
transition seemingly coincides with the structural phase
boundary of the cubic-thombohedral transition. To elucidate
the relation between the lattice symmetry and the spin
structure, it is necessary to perform detailed magnetic studies
such as neutron diffraction measurements. Considering the
fact that the kinks in magnetic susceptibility and resistivity
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FIG. 5. (a—c) Magnetic field dependence of magnetization (left
axis) and magnetization divided by magnetic field (right axis) at 5 K
for selected compositions in 0 < x < 0.1. (d-i) Magnetoresistance,
defined as Ap(B)/p(0)[Ap(B) = p(B)-p(0)], at 5 K (d—f) and 100
K (g-i).

data for x = 0.17-0.25 are smeared as compared with those at
x = 0.33 [see Figs. 3(b) and 3(d)], there remains a possibility
that phase III and the spin/charge ordered phase are coexisting
in a wide composition range of x down to 0.17 owing to the
first-order phase boundary and the chemical disorder. In fact,
the previous Mdssbauer spectroscopy measurements indicated
a slight occurrence of charge ordering even for x = 0.1 [13].
For x larger than 0.4, the system becomes insulating in all
temperature region, which is supposed to be connected with
the antiferromagnetic insulating state at x = 1 [24].

Next, we discuss the variation of helimagnetic ordering at
the low-x region. Although the localized magnetic moment
is expected to increase as the metallic state at x = 0 with
Fe*t (§ = 2) is replaced by the insulating state at x = 0.33
with Fe*¢7t (S =2.16), the magnetization at B =7T de-
creases systematically with x as shown in Figs. 5(a)-5(c)
and Figs. S3(a) and S3(b) in the Supplemental Material
[22]. This indicates that the La substitution for SrFeO3 tends
to suppress the nearest-neighbor ferromagnetic interaction
relative to the competing (both nearest-neighbor and further-
neighbor) antiferromagnetic interactions. This assumption is
reasonable considering that the ligand-hole carriers, which
mediate the ferromagnetic nearest-neighbor interaction be-
tween Fe** and Fe**, are reduced by the introduction of
Fe’* as x increases. Here we assume that the helimagnetic
order in SrFeO3; manifests itself as the competition between
the ferromagnetic double-exchange interaction and the anti-
ferromagnetic superexchange interaction as proposed for the
Fe**-based helimagnet Sr3Fe, O [25]. Considering the fact
that the magnetic transition temperature changes smoothly as
a function of x from 0 to 0.33 [see Fig. 6(c)], it is reasonable
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FIG. 6. (a) Composition dependence of magnetic susceptibility
at T = 5K measured at B = 0.1 T after field cooling (FC) and zero-
field cooling (ZFC). (b) Composition dependence of resistivity at
T = 60 K measured on a warming run at B = 0 T. (c) Phase diagram
for Sry_,La,FeOs. The red circles and blue crosses represent the
transition temperatures determined by the warming runs of magne-
tization and resistivity measurements, respectively. Phases I-III are
helimagnetic phases with different spin spirals. (d) Schematic spin
image of the magnetic structures for phases I-III and the spin/charge
ordered phase. These schematics are drawn assuming the presence of
an external magnetic field along the [111] axis.

to presume that the incommensurate helical period at x = 0
(g = (0.13,0.13, 0.13) [10]) becomes shorter as x increases,
eventually coinciding with the commensurate magnetic order
at x = 0.33. This is indicative of a single-g spin spiral propa-
gating along [111] for phase III.

Assuming a single-q helimagnetic order for phase III, the
effective destabilization of phases I and II by the La substitu-
tion in a cubic lattice symmetry can be understood in terms of
decrease in itinerant nature of the system. In itinerant magnets
with high lattice symmetry, a pd hybridization term [26] or
a higher-order perturbation term beyond ordinary Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction [27] was suggested
to play an important role for the emergence of multiple-¢g he-
limagnetic order in the strong and weak spin-charge coupling
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regime, respectively. These two terms are both expected to be
enhanced in itinerant magnets with sufficiently high electronic
conductivity. In fact, the magnetic ground state in insulating
CaFeO; with monoclinic distortion has been recently con-
firmed to be a single-g spin spiral unlike the case in metallic
SrFeOs [28]. In Sry_,La,FeOs3, the La substitution up to 10%
systematically increases resistivity [see Fig. 6(b)] and changes
the metallic state to a semiconducting state [see Fig. 3(d)]
with no influence on the cubic symmetry, meaning that the
La substitution causes the reduction of itinerant ligand holes,
i.e., the weakening of pd hybridization upon the decrease in
the Fe valence state [24]. Therefore, the presence of itinerant
ligand holes is essential for the emergence of multiple-g heli-
magnetic order. This is consistent with the fact that the slight
Co doping has no influence on the metallic character and cubic
symmetry of SrFeOj; but tends to destabilize phase III rather
than phases I and II with multiple-g spin spirals [29].

IV. SUMMARY

In summary, we have established the electronic and struc-
tural phase diagram of Sr;_,La,FeO3 (0 < x < 0.5), revealing
the effective destabilization of phases I and II with multiple-
g helimagnetic orders in SrFeO; by La doping. The phase
diagram and the resistivity data suggest the importance of the

metallic nature reflecting the presence of itinerant ligand holes
for the stabilization of multiple-g helimagnetic order, which
is consistent with the theoretical works [26,27]. Furthermore,
a signature of the close connection between the spin/charge
ordered phase with x ~ 1/3 and phase III with presumably
single-q spin spiral propagating along [111] was found as the
continuous change in the critical temperature and magnetiza-
tion. Although it is difficult to exclude a possibility that phase
IIT and the spin/charge ordered phase are separated by the
first-order phase boundary around x = 0.17-0.25, we found
a promising clue to identify the spin structure of phase III
emerging in a narrow temperature window for SrFeOs.
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