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To further understand the long-debated origin of the high-pressure cubic-rhombohedral transition
in FeO, we investigated the domain wall structure in Feg 94O using high-pressure microdiffraction
imaging techniques. The results reveal a non-reflection type domain wall structure forming due to
the cubic-rhombohedral transition in Fen940, which suggests the transformation could be
associated with defects and is unlikely to be ferroelastic in nature. © 2012 American Institute of

Physics. [doi:10.1063/1.3679117]

Stoichiometric ferrous oxide FeO does not exist at ambi-
ent conditions, and its formula is more accurately repre-
sented by Fe; O, with the deviation from stoichiometry, x,
ranging from 0.05 to 0.15. This non-stoichiometry is associ-
ated with defect clusters consisting of octahedral cation
vacancies and tetrahedral interstitial ferric Fe*" cations.' At
ambient conditions, Fe; ,O is paramagnetic and adopts a
cubic NaCl-type structure with these defect clusters. Upon
compression, Fe; ;O undergoes a series of phase transitions
from cubic to rhombohedral then to NiAs-structures.>> The
first transition occurs at 10-16 GPa, as three of the four body
diagonals of the cubic unit cell compress more than the
fourth, leading to a rhombohedral distortion.” Since such a
cubic-rhombohedral distortion could occur along any of the
four energetically equivalent cubic body diagonal directions.
The transition is consistent with the defining characteristics
of a ferroic transition, in which the order parameter (such as
electric polarization in ferroelectrics, magnetization in ferro-
magnets, or spontaneous strain in ferroelastics) has multiple
energetically equivalent orientations (Fig. 1).*

It has been argued that the cubic-rhombohedral distor-
tion is either ferroelastic® or antiferromagnetic in origin.>%’
Growing evidence from experiments®'! and first-principles
theory'? has largely ruled out the possibility of an antiferro-
magnetic transition, but it is still unclear whether the cubic-
rhombohedral transition is ferroelastic, ferroelectric, or
multiferroic in character. Because ferroic transitions often
lead to the formation of domains and the configurations of
the domain walls are closely related to point group symmetry
changes and to the nature of the transitions,* we developed a
high-pressure technique by integrating the diamond-anvil
cell with a nanoscale x-ray diffraction contrast imaging
probe to study domain walls'® forming in FeosO. The
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unprecedented spatial resolution has enabled us to discover
the formation of a non-reflection domain wall during the
cubic-rhombohedral transition. This discovery suggests the
transition could be associated with defects and is unlikely to
be ferroelastic in origin but rather is possibly ferroelectric in
nature.

Fe) 940 (with lattice parameter a =4.308 A) was synthe-
sized by procedures described before."* A 40 x 40 x 15 um?
single crystal was loaded with ruby as a pressure calibrant
and helium as the pressure medium in a symmetric diamond
anvil cell.’ The surface normal of the sample was nearly par-
allel to the [001] zone axis of the sample, and the principle
axes of the crystal were aligned so that they were nearly paral-
lel to the axes of the sample scanning stages. The diffraction
geometry in this experiment was similar to the zone-axis dif-
fraction measurements on Fe,_,O performed by Ding er al."
High pressure diffraction imaging measurements were per-
formed on Fe( 940 at high pressure in Sector 2-ID-D of the
advanced photon source (APS), Argonne National Laboratory
(ANL). An 18keV x-ray beam was focused to ~300nm at
the sample position.'® The diffraction intensity at a selected
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FIG. 1. (Color online) The structure models of Fe; _,O at (a) ambient condi-
tion, which is NaCl-type cubic structure, (b) at 20 GPa, which is a rhombo-
hedral structure. (c) The eight energetically equivalent variants in a cubic
cell along the (111) body diagonals that could be associated with the ferroic
transition from cubic to rhombohedral symmetry.

© 2012 American Institute of Physics
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FIG. 2. (Color online) Diffraction intensity contrast maps for Fep 9,0 meas-
ured at 24.7 GPa. (a) A 2D diffraction map was obtained by including both
of the split 220 peaks, as indicated by the red circle in the inset. (b),(c) Maps
obtained by selecting only an individual peak (indicated by red circles in the
insets). (d) Combination of maps in (b) and (c). The bold orange line repre-
sents the projected trace of the (110) domain wall. (¢) The domain wall con-
figuration viewed along [—110]. Based on the overlap and sample thickness,
the wall tilting angle can be calculated as actangent (0.5-t)/15, which is less
than 1.9° (if t is not zero).

scattering vector (220 in this study) was recorded while the
incident x-ray beam was rastered over the sample to obtain
two-dimensional (2D) diffraction intensity maps.

The 2D diffraction intensity contrast imaging was meas-
ured at 7.5 and 24.7 GPa at 300 K. Diffraction patterns at
7.5 GPa show that the sample remained a single crystal, and
no twinning domains were observed. At 24.7 GPa, the 220
reflection split into two peaks with different d-spacings (Fig.
2), while the 200 reflection persisted as a single peak, indi-
cating that the cubic-rhombohedral transition had occurred
within the sample. The average mosaicity of the reflection
220 at 7.5 GPa was measured as ~0.5° and reached ~1.2° at
24.7GPa. This observation is consistent with previous
single-crystal studies on Fe, 0. In Figs. 2(b) and 2(c),
intensity maps were obtained by selecting each of the split
220 peaks as imaging vectors. The results reveal that the
peak splitting that occurs in the pressure-induced ferroic
cubic-rhombohedral transition is associated with the forma-
tion of two domains. The measured lattice parameters for the
first thombohedral domain at regions close to the domain
boundary are a =2.9652(5) Aand o= 57.75(3)°; for the sec-
ond domain, they are a =2.9633(7) A and o= 57.68(6)°. In
Fig. 3(a), the slight difference in the lattice parameters of the
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two domains (~0.06%) must have been caused by the strain
of lattice planes induced by the mismatch between the two
domains at the domain boundary.

As shown in Fig. 2, the domain wall that separates these
two domains appears to be coherent. The spatial overlap of
the two domains shown in Fig. 1(d) is less than 0.5 um; thus,
the wall is nearly vertical to the surface of the sample—i.e.,
the tilting angle of the domain wall is less than arctan (0.5/
15)=1.9° as shown in Fig. 2(e). The domain wall normal
was determined to point in the [220] direction (for simplic-
ity, cubic indexing is used), indicating a (110) domain wall.
The intensity maps and their corresponding diffraction pat-
terns, as well as the configuration of the two domains in 2D
and 3D, are all illustrated in Fig. 3. From both the images
and the diffraction patterns, it can be concluded that the
(110) domain wall between two domains is not connected by
a twin-like reflection plane, but rather by a 4-fold-like rota-
tion axis along the [001] direction (Fig. 3). However, this
non-reflection-type domain wall cannot be explained by fer-
roelastic transitions as previously speculated.

The cubic-thombohedral transition has traditionally
been treated as a second-order displacive transition occurring
in the ideal NaCl-type structure with a symmetry of
Fm3m.>>7 121819 Since the symmetry of the rhombohedral
phase has still not been determined definitively by experi-
ment, it has been presumed to be R3m, the highest centro-
symmetric subgroup of Fm3m."*'®' As shown in Figs. 3(d)
and 3(e), both group theory analysis and experimentszo_22
indicate that during a ferroelastic transition from m3m to 3m,
the resulting primary non-180° coherent domain walls from
such transitions are reflection-type domain walls, namely,
the mirror-like planes between two domains. The 4-fold rota-
tion axis-related domain structure is only a secondary do-
main structure, which is a combination of a primary (100)
reflection domain and a (110) reflection domain struc-
ture.”*?! This secondary domain structure is in contrast to
the primary non-reflection (110) domain structure observed
in the Fe( 940 in this study, and so far, this type of primary
non-reflection (110) domain structure has only been observed
in ferroelectric transitions.?® Our result suggests that the tran-
sition in Feg 40 cannot be a ferroelastic transition, and the
symmetry of the high-pressure phase has to be lower than
§m,24 i.e., 3m, a symmetry that is difficult to distinguish
from 3m by experiment.

The occurrence of a high pressure phase with symmetry
lower than 3m indicates that the defects must play a role in
the structural stability of Fe;_,O at high pressure since the
rhombohedral distortion of a simple NaCl-type structure can
only result in a 3m rhombohedral phase. Although the exact
defect structures remain debated,' it is generally accepted
that the defects tend to form larger clusters by stacking [4:1]
defect clusters along three directions: (100) (sharing faces),
(110) (sharing edges), or (111) (sharing corners).”> More-
over, recent theoretical calculations on wiistite predicted that
(111) stacking defect clusters are more stable than other con-
figurations of clusters.”” Therefore, the distortion from cubic
to rhombohedral lattice could be associated with the (111)
defect clusters, and this is also possibly ferroelectric in na-
ture. However, to obtain conclusive evidence for the ferroe-
lectricity, it is necessary to demonstrate domain wall motion
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FIG. 3. (Color online) (a) Structure model and configuration of the rhombohedral domains in Fe( 9,0, viewed along the [001] direction; the indexing in green
is based on a pseudocubic lattice, and the indexing in blue is based on a rhombohedral lattice. The blue arrows represent the elongation direction of the unit
cells. (b) A 3D plot of the (110) domain wall in Fe( 940 at 24.7 GPa; the blue and green arrows represent the longest body diagonals of the rhombohedral unit
cells. The orientation of the two domains can be related by a 4-fold-like twin symmetry. (c) Simulated diffraction pattern corresponding to the rhombohedral
domains of (a), viewed along the [001] axis; the indexing is based on the rhombohedral symmetry; the blue diffraction pattern corresponds to domain 1, and
the green diffraction pattern corresponds to domain 2. The d-spacing of split reflections differs by 3.5%. (d) The model of the (110) reflection wall domains.
(e) The corresponding simulated diffraction pattern of a reflection (110) wall domain viewed along the [001] axis; the blue diffraction pattern corresponds to
domain 1, and the green diffraction pattern corresponds to domain 2. In the diffraction pattern, the m1 and m2 represent the mirror planes viewed along [001]

direction. The d-spacing and angles (x and f3) for the splitting 220 are identical.

under an applied electric field. This measurement could be
achieved by applying a high DC field incrementally to the
sample up to breakdown whilst imaging is accomplished. In
addition, the hysteresis loops could be measured so as to
extract spontaneous polarization and coercive field data to
provide a domain scale evidence.
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