Revealing the spin/charge modulation in perovskite-type iron oxide (SrixBax)23La13FeOs
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Abstract

Perovskite-type iron oxide SrzzLaisFeOs has attracted much attention for its characteristic spin/charge

ordering, where three-fold charge ordering and six-fold spin ordering are coupled with each other. This spin/charge
ordering ranges from x= 0 to x = 0.75 in its Ba-substituted system (Sri-xBaJ2sLaysFeOs, whereas 0.9 = x = 1 has
two-step magnetic transitions. The high-temperature phase has a G-type antiferromagnetic ordering, whereas the
low-temperature phase has a six-fold collinear magnetic structure which is the same as that at x = 0, revealed by
powder neutron diffraction studies at x= 1. On the other hand, the existence or absence of charge disproportionation
has remained elusive in both phases. In this study, 57Fe Mossbauer spectroscopy measurements were performed at x
= 1. The spectra in the low-temperature phase are well fitted by the superposition of two sextets corresponding to Fe3*
and Fe®, indicating the existence of the same spin/charge ordered phase as that at x = 0. On the other hand, the
spectra in the high-temperature phase are asymmetric and significantly broadened, indicating a possible emergence
of a glassy electronic state where spin and charge are slowly fluctuating.
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Background and purpose

3d transition metal oxides are a typical example of strongly correlated electronic systems and exhibit
versatile electronic phases in the vicinity of Mott insulator phase. Among them, perovskite-type oxides with Fe ions in
unusually-high-valence state have attracted much attention for their exotic electronic properties arising from the
strong @ p hybridization and negative charge-transfer energy. The representative example is SrFeOs with Fe* ions,
which hosts versatile multi-g helimagnetic phases!, whose stabilities can be controlled easily by slight chemical
substitution2. On the other hand, SrasLasFeOs with Fe367 ions shows a characteristic spin/charge ordered phase as
shown in Fig. 13-4, In this phase, three-fold charge ordering and six-fold collinear magnetic ordering are cooperatively
stabilized along the [111] direction of the pseudocubic unit cell. This spin/charge arrangements are reasonable
considering the ferromagnetic interaction between Fe3* — Feb* mediated by localized ligand holes, and the

antiferromagnetic superexchange interaction between Fe3*—Fe3*.
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Fig. 1. (a) Spin/charge ordered phase in SrysLaisFeOs. L denotes ligand holes. (b) Crystal structure of SrasLaisFeOs.
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While this spin/charge ordered phase ranges from x = 0 to x = 0.75 in the Ba-substituted system (Sri-
BasLaisFeOs, the existence of two magnetic phases was clarified in 0.9 = x = 1 by our previous powder neutron
diffraction measurements. The low-temperature phase has the six-fold collinear magnetic ordering same as that in
the spin/charge ordered phase at x = 0, but there was no direct evidence for the corresponding three-fold charge
ordering. The high-temperature phase has G-type antiferromagnetic ordering, but the existence or absence of charge
disproportionation has not been elucidated. In this study, 5"Fe Mossbauer spectroscopy measurements were performed
at x= 1 to clarify its charge state and get an insight into the whole spin/charge modulation in (Sri1-xBax2sLasFeOs.

Methods

A polycrystalline sample of x = 1 was prepared by high-pressure synthesis. The 57Fe Mossbauer spectra
were measured with a 37Co source in Rh. The velocity was calibrated with a-Fe. Fits to the spectra were performed by
the least-squares method assuming Lorentzian peaks. The MGssbauer spectroscopy measurements were performed in
joint research with Prof. S. Kitao and Prof. M. Seto at the Institute for Integrated Radiation and Nuclear Science,
Kyoto University.

Results and Discussion

Figure 2 shows the 5"Fe Mossbauer spectra and its Lorentzian fitting for (Sri-xBasasLaisFeOs (x = 1). The
spectra in the paramagnetic phase (180K = 7'= 300 K) do not show hyperfine splitting and can be fitted well by
quadrupole-splitted doublets. The spectra for 77 K = 7'= 140 K are described by the superposition of two sextets
corresponding to Fe3* and Fe5*, indicating the emergence of the same spin/charge ordered phase as x= 0. The spectra
at 7’= 160 K in the G-AFM phase are significantly broadened and it is difficult to get a satisfactory fitting. We will

discuss the possible origin of this peak broadening later.
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Fig. 2. (a) Temperature dependence of the Méssbauer spectra for (Sri-BadwslaisFeOs (x= 1). The red line indicates the Lorentzian
fitting. (b) The magnified view of the Méssbauer spectra at 7= 293 K. The yellow line and yellow vertical ticks indicate the two
quadrupole-splitted peaks and their positions, respectively. The red line is their superposition. (c) The magnified view of the
Moéssbauer spectra at 7= 77 K. The blue line and green line indicate the hyperfine-splitted peaks for Fe3+ and Fe5*, respectively. The
red line is their superposition. The vertical ticks indicate the positions for each peak.

Figure 3 shows the temperature dependence of Mossbauer parameters. The data of previous studies at x =
0° are plotted together for comparison. The hyperfine field is comparable for x= 0 and x = 1, which is consistent with
the emergence of the same spin/charge ordered phase for both compositions. On the other hand, isomer shift (IS) for x
= 1 is systematically larger than that for x = 0 by about 0.01 mm/s. IS reflects the electron density at the nucleus
position and the increase in IS is usually considered to be originated from the decrease in the valence of Fe. However,
it is unlikely that there is a significant difference in the valence of Fe (i.e. the amount of oxygen deficiency) between x



=0 and x= 1 because the lattice constants for the (Sri-xBaJ2sLa1sFeOs varies linearly with xin good accordance with
Vegard’s rule. Therefore, the difference in IS between x= 0 and x= 1 is most likely due to the change in the bonding
state. The electron density at the nucleus position is expected to decrease at x = 1 compared to x = 0 because of the
following two reasons: (1) the broadening of the 4s electron distribution with the increase in the lattice constant, and
(2) the enhancement of screening effect by the localization of 3d electrons. In fact, the IS of the related compounds
SrFeOs and BaFeOs are reported as 0.07 mm/s® and 0.146 mm/s7, respectively, whose difference is comparable to that
for the present case between x= 0 and x= 1 in (Sr1-xBayzsLaisFeOs.

The quadrupole splitting (QS) shown in Fig. 3(c) is close to zero for both x= 0 and x= 1 in the spin/charge
ordered phase, reflecting the high octahedral symmetry in the electronic configuration of Fe3*(#¢36,2) and Fe5* (#4°).
On the other hand, the QS for Fe3-6™ in the paramagnetic phase is larger than that in the spin/charge ordered phase.
In addition, QS for x =1 is greater than that for x = 0. The origin of this difference has not been completely clarified
yet, but given that the resistivity for x = 1 is semiconducting in all temperature range, it is possible that incoherent
charge disproportionation is developed even near room temperature, resulting in a finite distribution of IS. Since the
QS shown in Fig. 3(c) is obtained assuming a single IS, it may be overestimated if the finite distribution of IS exists.
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Fig. 3. (a) Hyperfine field, (b) isomer shift, and (c) quadrupole splitting for (Sri-xBayxsLaysFeOs (x = 1) obtained by the fitting of the

Moéssbauer spectra. The data of previous studies at x= 05 are plotted together for comparison.

Next, we will discuss the spectrum at 7= 160 K in the G-type AFM phase. Although a satisfactory fitting is
difficult owing to the significant peak broadening, there are two notable features in this spectrum. The first point is
that the transmission reaches a minimum near the center of the spectrum. This suggests a broad distribution of
hyperfine field which extends up to zero. Considering the fact that the neutron diffraction pattern does not show
significant peak broadening, this broad distribution of hyperfine field is likely to derive from the time-dependent
fluctuation of the spin order, not from the spatial inhomogeneity. In other words, this suggests the possibility that
spins appear to be ordered in the G-type AFM arrangement in the characteristic timescale of neutron diffraction
measurements (~1013 s), while it is fluctuating in the longer timescale of Mossbauer spectroscopy (~107 s).

The second point is the asymmetric spectral shape, which is likely due to an asymmetric distribution of
isomer shift, i.e., an asymmetric charge disproportionation. Although long-range charge ordering has not been
developed at this temperature yet, the existence of charge fluctuation as 3Fe367 2 2Fe3* + Feb* is suggested. The
characteristic timescale for this charge fluctuation could be as slow as a laboratory timescale, considering the weak
anomaly in the temperature derivative of resistivity and the abrupt change in Fe-O bond length obtained by our



previous EXAFS analysis, both of which are observed near the transition temperature of the G-type AFM phase.
These slow dynamics in the spin and charge fluctuation are possibly the manifestation of a glassy electronic
feature at this phase. Although further studies are needed to clarify its origin, a possible mechanism is a competition
between charge ordering and magnetic ordering. In other words, the incommensurability between the two-fold G-type
AFM and the three-fold charge ordering may suppress the formation of long-range order, which results in the
appearance of a glassy electronic state. On the other hand, the six-fold spin ordering at the spin/charge ordered phase
can coexist with the three-fold charge ordering, which stabilizes the long-range spin ordering and charge ordering.

Conclusions and perspectives

Figure 4 shows the electronic phase diagram for (Sri-xBaysLaisFeOs. The Mbossbauer spectroscopy
performed at x = 1 has revealed the existence of the same spin/charge ordered phase as that in x = 0 at the low-
temperature phase, which is consistent with our previous results of powder neutron diffraction. Besides, the emergence
of a glassy electronic state and slow dynamics of spin/charge fluctuation are suggested in the high-temperature G-
AFM phase from the broadened and asymmetric Mossbauer spectrum at 7= 160 K. The characteristic timescale for
this spin/charge fluctuation and the origin of the glassy state are expected to be clarified by future studies of AC

magnetic susceptibility and dielectric measurements.
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Fig. 4. Electronic phase diagram for (Sr1-:BadusLaysFeOs.
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