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Charge-Stripe Order in the Electronic Ferroelectric LuFe,0y,
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The structural features of the charge ordering states in LuFe,O,4 are characterized by in situ cooling
transmission electron microscopy observations from 300 K down to 20 K. Two distinctive structural
modulations, a major q; = (1/3, 1/3,2) and a weak q, = q;/10 + (0, 0, 3/2), have been well determined
at the temperature of ~20 K. Systematic analysis demonstrates that the charges at low temperatures are
well crystallized in a charge-stripe phase, in which the charge-density wave behavior in a nonsinusoidal
fashion results in elemental electric dipoles for ferroelectricity. It is also noted that the charge ordering and
ferroelectric domains often change markedly with lowering temperatures and yield a rich variety of

structural phenomena.
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Understanding charge ordering (CO) and the remarkable
electronic ferroelectricity in the charge-frustrated RFe,O,
(R = rare-earth elements) system is regarded as an impor-
tant issue from both academic and technological points of
view [1,2]. The origin of ferroelectricity in this kind of
material is fundamentally correlated with the CO transition
arising from strong electron correlation [3—5]; the giant
room-temperature magnetodielecric response [6] as dem-
onstrated in LuFe, O, could give rise to a new generation of
multifunctional devices for microelectronics [7,8]. RFe,O,
consists of two layers: a hexagonal double layer of Fe ions,
with an average valence of Fe>>*, which is sandwiched by
a thick R,Oj5 layer [9]. The spin or charge behavior in the
double Fe layers directly affects the magnetic features and,
in particular, the ferroelectricity [10,11]. In previous lit-
erature, though certain attempts have been made to clarify
the correlation between the Fe?" /Fe3" order and the fer-
roelectricity in RFe, 0y, the details of the CO states are not
known at this time [6,12—15]. In this Letter, we will report
on the clear CO modulations as revealed by in situ cooling
TEM observations in LuFe,O,. It is demonstrated for the
first time that the charges in the ground state are well crys-
tallized in a charge-stripe phase which can properly explain
the remarkable electronic ferroelectricity in LuFe,Oy,.

The crystal structure, ferroelectricity and magnetic
properties of all LuFe,0, samples used in present study
have been well characterized by a variety of experimental
measurements. Similar results have been obtained as those
described in previous literature [13,16,17]. The specimens
for transmission electron microscopy (TEM) observations
were prepared by polishing, dimpling, and subsequently
ion milling. Microstructure analysis was performed on
Tecnai F20 and H-9000NA transmission electron micro-
scopes both equipped with low-temperature holders.

In order to clearly view the structural features in corre-
lation with the CO transitions in LuFe,O, materials, we
have carried out a number of in situ TEM observations
along several relevant crystallographic directions. Our ex-
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PACS numbers: 77.80.—e, 71.23.An, 71.27.+a, 77.84.—s

perimental results suggest that the fundamental properties
of the superstructures in this charge-frustrated system de-
pend considerably on temperature, and, in general, the
sharp superstructure spots become visible below 50 K.
Figures 1(a) and 1(b) show, respectively, the [110] and
[111] zone-axis electron-diffraction patterns taken at
around 20 K, demonstrating the presence of clear super-
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FIG. 1 (color). Superstructure modulations in LuFe,O, ob-
served at about 20 K. Electron-diffraction patterns taken
(a) along the [110] zone-axis direction and (b) slightly off the
¢ axis direction, showing clear superstructure spots. (c) Sche-
matic representation of Fig. 1(a) illustrating the q; and q,
modulations. (d) A structural model for the ionic order of
Fe’" and Fe'. (e) A theoretical diffraction pattern showing
the satellite spots corresponding with the q; modulation.
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structure spots following the main diffraction spots. The
main spots with relatively strong intensity in both diffrac-
tion patterns can be well indexed on the expected hexago-
nal unit cell with lattice parameters of a = 3.444 A, and
¢ = 25.259 A (space group of R-3m). On the other hand,
the superstructure spots can be assigned, respectively, to
two structural modulations (q; and q,) as clearly illus-
trated in the schematic pattern of Fig. 1(c). Figure 1(b)
represents a typical electron-diffraction pattern taken along
the direction of slightly off the ¢* direction, demonstrating
that the weak spots of q; modulation are visible in three
symmetric (110) directions. Our careful analysis suggests
that the q; modulation, with a wave vector of q; =
(1/3,1/3,2), can be directly interpreted by a Fe?* /Fe3*
order as discussed in the following context. While the q,
modulation in general is much weaker than the q; modu-
lation, its average wave vectors at 20 K can be roughly
written as q, = (003/2) + q;/10. Further experimental
measurements indicate that the ¢, modulation also de-
pends on the local defective structures. Hence, in the
following context, we will devote our main attention on
investigations of the q; modulation.

Figure 1(d) shows a structural model illustrating ionic
ordering of Fe?*, Fe>3*, and Fe’* for the q; modulation.
This structural model can be used to explain the main
experimental results obtained at low temperatures. In ad-
dition to the ionic ordering within the Fe double layers, a
relative shift between neighboring Fe layers in the CO
patterns is clearly visible in the ground state. These facts
suggest that the q; modulation in LuFe,O, corresponds
with a well-defined three-dimensional ionic ordering.
Figure 1(e) displays a theoretically simulated pattern for
LuFe,0, considering qualitatively local structural distor-
tion as suggested in Ref. [1] and the difference of scattering
factors between Fe?" and Fe*" in the CO state [18], it is
clear that the systematic positions of the satellite spots in
this pattern are in good agreement with those shown in
Fig. 1(a).

The origin of ferroelectricity in LuFe,O, materials is
considered to be essentially in correlation with the low-
temperature CO. We firstly make a systematical analysis
on the possible electric polarization corresponding to the
q; modulation. Figure 2(a) and 2(b) shows the schematic
charge patterns in accordance with our experimental ob-
servations. It is remarkable that positive charges (Fe3*
sites) and negative charges (Fe?" sites) are actually crystal-
lized in parallel charge stripes along the view direction.
This charge-stripe phase shows up a clear monoclinic
feature with an evident electric polarity. In order to facili-
tate the analysis on the electric polarization, we can also
characterize this charge concentration in this stripe phase
as a charge-density wave (CDW) in association with the q
modulation. This CDW with the periodicity of about 5 A
along the (116) direction does not behave in a simple
sinusoidal fashion, but is strongly affected by charge frus-
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FIG. 2 (color). Charge ordering and spontaneous polarization
in LuFe,0y,. (a), (b) Structural models schematically illustrating
the ordered charge stripes in the ground state. (c) The CDW in
nonsinusoidal fashion along (116) direction, corresponding with
q; modulation. (d) A schematic illustration for electric polar-
izations in LuFe,0O, crystal; the spontaneous polarization is
along the ¢ direction.

tration as illustrated in Fig. 2(c). It is easily visible that the
average centers of Fe>* (negative) and Fe* (positive)
planes have a clear relative shift and this directly results
in a local electric polarization along the q; direction. From
the point of view of ferroelectricity, this kind of charge
configuration has notable similarity with the coherent ar-
rangement of electric dipoles discussed commonly in con-
ventional ferroelectric materials [19,20]. We therefore
conclude that the LuFe,O, crystal has a ferroelectric CO
ground state in which the coherent arrangements of electric
dipoles are realized by charge-stripe order. It is noted that
the parent phase of LuFe,O,4 has the rhombohedral sym-
metry with the space group of R-3m; hence, the CO
modulation, together with the local electric polarization
(Py), could evenly appear in three crystallographically
equivalent (116) directions around the rhombohedra axis,
as clearly illustrated in Fig. 2(d). Hence, the resultant
spontaneous electric polarization (P) from combination
of P(1), P(2), and P(3) occurs along the ¢ axis direction
in LuFe,0,. This conclusion is in good agreement with the
major experimental data reported in previous literature
[10,18]. In order to directly observe the superstructures
in the three crystallographically equivalent directions, we
have carried out systematical investigations by titling a
crystal to the relevant orientations; the detailed TEM data
are shown in Ref. [21].

In addition to the low-temperature CO ground state, the
temperature dependence of the CO modulations is also an
important issue for the understanding of the structural and
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physical properties in this charge-frustrated system. Our
TEM observations reveal a variety of interesting micro-
structure features from room temperature down to 20 K.
Figure 3(a) shows a series of electron-diffraction patterns
illustrating superstructure features at different tempera-
tures. In order to facilitate comparison, all the diffraction
patterns, especially the superstructure features, are sche-
matically illustrated in the right column of Fig. 3(a). The
most striking features demonstrated in these diffraction
patterns are the clear twinning structure for the charge-
stripe order and alternation of the CO coherent length
along the c-axis direction. Figure 3(b) shows an electron-
diffraction pattern obtained at ~100 K, demonstrating the
recognizable twinning feature for both q; and q, modu-
lations as schematically illustrated in Fig. 3(c). The twin-
ning plane in general is parallel with the basal a-b plane.
Careful measurements also suggest that the thickness of
the twinned lamellae decreases progressively with the in-
crease of temperature from 20 K to 300 K; as a result, all
superstructure reflections change from clear spots at 20 K
to diffuse streaks at room temperature. In situ TEM ob-
servations on the well-defined CO state show that the
average thickness of the CO lamellae is as large as about
50-500 nm at around 20 K so that clear superstructure
spots can be easily obtained in selected area diffraction
patterns as demonstrated in Fig. 1(a). Figure 4(a) shows a
schematic structural model illustrating the CO patterns
corresponding with the (001) twinning structure in the
LuFe,O, materials. It is important to point out that this
kind of CO twinning corresponds directly with the 180°
ferroelectric domain structure. Figure 4(b) shows a sche-
matic model for the typical 180° ferroelectric domain in

LuFe,0,. In fact, a clear view of this kind of ferroelectric
domains can be achieved along [110] zone-axis direction
and is recognizable as the twinning relationship between
adjacent CO lamellae.

Figure 4(c) shows a dark-field TEM image obtained at
about 100 K using the superstructure reflection of qy
modulation, revealing the notable contrast alternations
from the microdomain structure. The average thickness
of the twinning lamellae (ferroelectric domains) in this
area is estimated in the range of from 10 nm to 30 nm.
Diffraction observations between 200 K and 300 K always
reveal the superstructure reflections as diffuse streaks on
(h/3, h/3, D) lines along ¢* direction. Moreover, the super-
structure reflections always contain notable contributions
from the CO twinning, which often results in a zigzag type
of superstructure streaks as noted in previous publications
[1,15]. The average thickness of the CO lamellae at room
temperature is estimated to be smaller than 5 nm.
Figure 4(d) shows a high resolution TEM image illustrat-
ing the CO ordered state in LuFe,O, at room temperature.
The short range ordered states can be clearly seen in the
marked typical areas. It should be mentioned that the
coherence length of the CO states, as well as the ferroelec-
tric structure, has notable anisotropic features in this lay-
ered system; e.g., the coherence length at room
temperature as estimated from TEM images is about 20—
30 nm within the a-b plane and about 1-3 nm along the
c-axis direction, which is in good agreement with the data
obtained from diffraction.

In conclusion, the measurements reported here show for
the first time that the charges in LuFe,O, are crystallized in
ordered stripes at low temperatures, and that the charge
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FIG. 3. Evolution of charge ordering with lowering temperature. (a) A series of electron-diffraction patterns and schematic
illustrations in the right column directly exhibiting the superstructure features at different temperatures. (b) Diffraction patterns
and (c) schematic illustration demonstrating the twinning structure of the charge stripes.
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FIG. 4 (color). Relationship between ferroelectric domains
and CO twinning. (a) A structural model for twins in
LuFe,0,. (b) A schematic illustration for the 180° ferroelectric
domains corresponding with the CO twinning. (c) Dark-field
TEM images at the temperature of 100 K; the stripelike twinning
lamellae (180° ferroelectric domains) are shown. (d) High-
resolution TEM image using the spots from q; modulation
clearly exhibiting the short-range ordered state for the CO state
at 300 K.

concentration in this charge-stripe phase can be character-
ized by a nonsinusoidal CDW which gives rise to a clear
electric polarization. The remarkable temperature depen-
dence of the CO modulation as revealed by in situ TEM
observations suggests the presence of substantial dynamic
features in this frustrated system. Theoretical interpreta-
tion for the electronic ferroelectricity and the magneto-
electric effect in these materials have been discussed based
on several plausible microscopic models considering the
nonlinear coupling among charge, spin, orbital, and lattice
degree of freedom [22]. The fundamental ferroelectric
polarization in LuFe,O, is directly determined by the
specific configuration of charges [5,6,22]. Hence, the
charge-stripe order, as demonstrated in our experiments,
should play the key role for understanding of the coopera-

tive ordering in the frustrated state and also provide the
essential elements needed for the development of the mi-
croscopic mechanism.
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