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This report features the work of Way-Faung Pong and his collaborators published in Phys. Rev. B 95, 024425 (2017).
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Orbital Anisotropy Drives the Charge-Density
Wave Transition in SrFeO;.5

From a combination of experiments, it is shown that orbital anisotropy is the origin for the
temperature dependent anisotropic electrical transport, magnetization, nearest neighbor
Fe—O bond lengths and linear dichroism in a single crystal perovskite oxide SrFeO;.s across

the charge density wave transition.

ransition metal compounds (TMCs) form an ex-

tremely important class of compounds in the field
of strongly correlated electron systems due to their
wide range of tunable properties. Among TMCs, the
large variety of fascinating properties exhibited by
perovskite oxides, such as high-temperature super-
conductivity, spin- and charge-order, colossal/giant
magnetoresistance (CMR/GMR), etc. makes it one of
the most attractive family of compounds for materi-
als research. It is well-accepted that the tunability of
their properties arise from the tunability of transition
metal-ligand chemical bonding. However, it is chal-
lenging to experimentally probe the direct connec-
tion between the temperature dependent electronic
structure changes across phase transitions with the
transport, magnetic and crystal structure changes
in such materials. In this article, we discuss a very
important study on a classic perovskite oxide system
SrFe0s.5, which displays a rich phase diagram as a
function of temperature and oxygen content.

It is well-known that the structural, magnetic and
transport properties of the perovskite SrFeOs5 vary
significantly with oxygen content and the valence
state of Fe.™ The known phases of SrFeOs 5 include
stoichiometric SrFeOs (6 = 0), which has a cubic per-
ovskite structure with a valence state of Fe*, the
mixed valent oxygen-deficient phases with tetragonal
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Fig. 1: Temperature-dependence of electrical resistivity of a
single crystal of SrFeO,s1, measured in ab-plane and
along c-axis. Right inset shows temperature-dependence
of magnetic susceptibility (y) measured along c-axis in
ZFC and FC runs in a magnetic field of 1 Tesla, and left
inset presents room-temperature x-ray diffraction profile
showing (004) Bragg peak obtained in 8-scan. [Repro-
duced from Ref. 5]

(6 =0.125) and orthorhombic (6 = 0.25) structures,
and the purely Fe3* brownmillerite (& = 0.50) phase.
In the oxygen-deficient SrFeOs 5 systems, giant
negative magnetoresistance has been observed

in the tetragonal phase, which coincides with a
charge-density-wave (CDW) and magnetic ordering
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Fig. 2: Temperature-dependence of normalized Fe Ls,-edge XANES spectra of single crystal of
SrFe0,s1 at two angles of incidence, 8 = 0° and 70°, during warming and cooling. Bottom
panels show corresponding XLD spectra. [Reproduced from Ref. 5]

transition. This transition exhibits a wide thermal hys-
teresis (~40 to ~75 K) in electrical resistivity and mag-
netization, suggestive of a first-order phase transition
(Fig. 1). The thermal hysteresis around the transition
temperature (close to the temperature for suscepti-
bility maximum, T, ~75 K) has been attributed to the
coexistence of antiferromagnetic and paramagnetic
phases.

In an extensive investigation of the electronic struc-
ture and crystal structure of tetragonal SrFeO,g, by
polarization dependent X-ray absorption near edge
spectroscopy (XANES), valence-band photoemission
spectroscopy (VB-PES) and extended X-ray absorption
fine structure (EXAFS) carried out by Way-Faung Pong
(Tamkang University) and his co-workers, the authors
could establish the role of temperature dependent
orbital occupancy of Fe 3d states and its relation with
lattice distortion and thermal hysteresis in the elec-
trical and magnetic properties.> The authors could
also show the band gap opening as a function of
temperature across the CDW transition accompany-
ing the electrical and magnetic transition. All experi-
ments were carried out during warming and cooling
runs with normal incidence (E//ab-plane, 6 = 0°) and
at a glancing incidence angle (near E//c-axis, 8 = 70°).

Figure 2(a) and 2(b) shows the X-ray linear dichro-

ism (XLD) data measured at the Fe L-edge for Sr-
FeO,g; in the warming and cooling cycles. The data
show that SrFeO, g exhibits a clear hysteresis in the
linear dichroism data as a function of temperature in
the warming and cooling cycles. In particular, a sign
change in the linear dichroism signal is seen in the 40
K and 60 K spectra in the warming cycle compared
to the cooling cycle. Figure 2(b) reveals that the sign
of the XLD feature is negative during cooling down
to 40 K, suggesting that Fe e, electrons preferentially
occupy the out-of-plane 3d3,2.2 orbitals. In contrast,
Fig. 2(a) shows that during the warming process, the
signs of the XLD spectra are reversed, being positive
at 40 and 60 K, suggesting that the Fe e4 electrons
preferentially occupied the in-plane 3d,2,2 orbitals.
This confirms that the corresponding hysteresis in
electrical transport and magnetism originates in the
orbital occupancy of Fe 3d electrons.

In order to obtain detailed information about the
temperature dependence of the local structure
around the Fe atoms, Fig. 3 presents a magnified
view of the main feature corresponding to the near-
est-neighbor (NN) Fe—O bond length observed in the
Fourier-transformed (FT)-EXAFS data of SrFeQ, ;.
The intensity of the main FT feature is a minimum at
300 K for both £//ab-plane and E//c-axis in both the
warming and cooling processes. As the temperature
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Fig. 3: Temperature-dependence of the main Fourier Transform 40 50 60 70 80 200 300
feature A (corresponding to the NN Fe-O bond distance) Temperature (K)
of Fe K-edge EXAFS for (a,b) £//ab-plane and (c,d) E//c-
axis in the warming and cooling process. [Reproduced
from Ref. 5]

Fig. 4: Variation of (a) DW factors 6% and (b) NN Fe-O bond
lengths with temperature, obtained by tting tempera-
ture-dependent Fe K-edge EXAFS for R from 1.15 to 1.96
A with angle of incidence 8 = 0°, and R from 1.04to 1.77 A
with angle of incidence 6 = 70°. [Reproduced from Ref. 5]

increases from 40 K to 80 K, the intensity of the main FT feature increases, and then decreases as the tempera-
ture is increased further. The Debye-Waller (DW) factors > and NN Fe-O bond lengths obtained from the data
are plotted in Fig. 4 and exhibit anisotropic behavior in the ab-plane and along the c-axis. It was seen that the
DW factors in the ab-plane abruptly increase when the temperature decreases below T,,. The sudden increase
below the transition temperature (Fig. 4(a)) with thermal hysteresis indicates that the crystal structure of Sr-
FeO,g; exhibits much greater static disorder below T,, than above T,.. This is due to the soft-phonon mode be-
havior which is related to a breaking of the crystal symmetry in the ab-plane of SrFeO,z;. The unusually high DW
factors in the ab-plane and the thermal hysteresis suggest that the local structural ordering of SrFeQ,g, differs
between the ab-plane and the c-axis in both warming and cooling processes. The authors speculate that this
difference may be due to the difference between the occupancy of the out-of-plane and in-plane Fe 3d orbitals,
as observed in the temperature-dependent XLD spectra in Fig. 2.

Finally, the authors also carried out valence band photoemission spectroscopy with photon energy hv =58 eV
and O K-edge XANES spectra of SrFeO,s; during warming and cooling processes to check for the band gap
opening. The results showed a clear band gap opening with hysteresis indicating a metal-insulator transition in
SrFe0,g;, thus confirming the CDW nature of the SrFeO,g; single crystal at low temperatures.® It is interesting to
note that similar behavior of the orbital anisotropy accompanies the orbital ordering and nematicity phenomena
in the iron pnictide based superconductors.5” (Reported by Ashish Chainani)

This report features the work of Way-Faung Pong and his co-workers published in Sci. Rep. 7, 161 (2017).

TLS 01C2 SWLS - X-ray Powder Diffraction
TLS 11A BM - (Dragon) MCD, XAS

TLS 17C EXAFS

TLS 21B1 U90 - Gas Phase



027

e X-ray Diffraction, XANES, X-ray Linear Dichroism, K-edge EXAFS, Valence Band Photoemission Spectroscopy
e Charge-density-wave Transition, Orbital Anisotropy

References

1.Y. Tsujimoto, C. Tassel, N. Hayashi, T. Watanabe, H. Kageyama, K. Yoshimura, M. Takano, M. Ceretti, C. Ritter,
and W. Paulus, Nature 450, 1062 (2007).

2.Y. Takeda, K. Kanno, T. Takada, O. Yamamoto, M. Takano, N. Nakayama, and Y. Bando, J. Solid State Chem. 63,
237 (1986).

3.J.P.Hodges, S. Short, J. D. Jorgensen, X. Xiong, B. Dabrowski, S. M. Mini, and C. W. Kimball, J. Solid State Chem.
151, 190 (2000).

4.S.H. Lee, . W. Frawley, C. H. Yao, Y. C. Lai, C. H. Du, P. D. Hatton, M. J. Wang, F. C. Chou, and D. J. Huang, New J.
Phys. 18, 093033 (2016).

5.S. H. Hsieh, R.S. Solanki, Y. F. Wang, Y. C. Shao, S. H. Lee, C. H. Yao, C. H. Du, H. T. Wang, J. W. Chiou, Y. Y. Chin,
H. M. Tsai, J.-L. Chen, C. W. Pao, C.-M. Cheng, W.-C. Chen, H.J. Lin, J. F. Lee, F. C. Chou, and W. F. Pong, Sci. Rep.
7,161 (2017).

6. C.-C. Chen, J. Maciejko, A. P. Sorini, B. Moritz, R. R. P. Singh, and T. P. Devereaux, Phys. Rev. B 82, 100504(R)
(2010)

7.Y. K. Kim, W.S. Jung, G. R. Han, K.-Y. Choi, C.-C. Chen, T. P. Devereaux, A. Chainani, J. Miyawaki, Y. Takata, V.
Tanaka, M. Oura, S. Shin, A. P. Singh, H. G. Lee, J.-Y. Kim, and C. Kim, Phys. Rev. Lett. 111, 217001 (2013).

92UBIDG S|elIdl.A pue sJIsAyd






