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Phase separation, effects of magnetic field and high pressure
on charge ordering in�-Na0.5CoO2
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Abstract

Transmission electron microscopy (TEM) observations reveal the presence of complex superstructures and remarkable phase separation in
association with Na-ordering phenomenon in�-Na0.5CoO2. Resistivity and magnetization measurements indicate that three phase transitions
at the temperatures of 25, 53 and 90 K, respectively, appear commonly in�-Na0.5CoO2 samples. Under a high pressure up to 10 kbar, the
low-temperature transport properties show certain changes below the charge order transition; under an applied magnetic field of 7 T, phase
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ransitions at around 25 and 53 K, proposed fundamentally in connection with alternations of magnetic structure and charge orderi
lmost unchanged.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The NaxCoO2 system has attracted much attention in past
everal years due to its large thermoelectric power coex-
sting with low electric resistivity[1–4]. The discovery of
uperconductivity in water-intercalated NaxCoO2 immedi-
tely spurred tremendous round of intense interest in this
ystem[5–6]. A phase diagram of non-hydrated NaxCoO2
or 0.3 <x< 0.75 has recently been reported, it shows two
istinct metallic states separated by an insulating state that is
tabilized atx= 0.5 by charge ordering[7]. The charge order-

ng phenomena has been suggested to be in connection with
major instability in the narrow conduction band of CoO2

ayer [8]. At low-temperatures, there are three phase transi-
ions (at around 87, 53 and 20 K, respectively) have been well
dentified by the measurements of resistivity, thermal trans-
ort and magnetization[7]. Previous studies suggest that the
7 K transition arises partially from a structural change; the

ransitions at 53 and 20 K are likely responsible for charge or-
ering associated with a magnetic ordering at 53 K and then

∗

a spin reorientation at 20 K[9]. Microstructure analysis b
means of electron diffraction reveals the presence of a
thorhombic superstructure phase in Na0.5CoO2 attributed to
Na-ordering[10]. Neutron powder diffraction measureme
further demonstrated an ordering of the Na ions into zig
chains along one crystallographic direction, which deco
the chains of Co ions with different amounts of charges[9].

Previously, it is well demonstrated that the antiferrom
netic and charge order transitions can be evidently altern
by either applied magnetic fields or high pressures, as
cally reported in highTc superconductors and colossal m
netoresistance Mn oxides[11–12]. In this paper, we repo
on the microstructure properties of the�-Na0.5CoO2 mate-
rials in connection with Na-ordering and modifications
low-temperature phase transitions under the applied mag
fields and high pressures.

2. Experimental

Ceramic pellets and single crystal Na0.5CoO2 sam-
ples were used in the present experiments. The ce
Corresponding author. Tel.: +86 108 264 8013; fax: +86 108 264 9483.
E-mail address:hxyang@blem.ac.cn (H.X. Yang).

Na0.75CoO2 was synthesized following a procedure as de-
scribed in Ref.[13]. High-quality Na0.85CoO2 single crystals
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were grown using a traveling-solvent floating zone method.
Na0.5CoO2 compounds were prepared by sodium deinterca-
lation of Na0.85CoO2 and Na0.75CoO2 compounds following
Ref. [14]. Specimens for transmission electron microscopy
(TEM) observations are prepared simply by crushing the bulk
material into fine fragments, which were then supported by a
copper grid coated with thin carbon film. The TEM investiga-
tions were performed on an H-9000NA TEM operating at the
voltage of 300 kV. The sodium content of all samples was de-
termined by ICP method. Powder XRD was performed from
room temperature down to 9 K by employing a RIGAKU
X-ray diffractometer.

3. Results and discussion

3.1. TEM observations

TEM observations of the structural features of Na0.5CoO2
have been performed in both the single crystalline and poly-
crystalline samples from room temperature down to 100 K. In
addition to the superstructures as observed in previous pub-
lications[10], evident phase segregation shown up as either
regular or irregular structural lamella commonly appear in the
Na0.5CoO2 materials.Fig. 1(a–c) show the dark-field TEM
image and electron diffraction patterns obtained from the
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ig. 1. (a) The dark-field TEM image showing the coexistence of two domains
attern of domain B, representing a typical diffraction pattern for the incomm
ensity curve for diffraction pattern of domain B, clearly illustrating the spot
rthorhombic phase. (f) Diffraction pattern illustrating the presence of the low
. (b) Diffraction pattern of domain A without superstructure spots. (c) Diffraction
ensurate structural modulation in thex= 0.5 material. (d) A micro-photometric
splitting at along the〈1 1 0〉. (e) Diffraction pattern from the low-temperature
-temperature twining structure.
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domains A and B, respectively. This TEM image is obtained
by using a satellite spot following with the (1 1 0) main re-
flection. The micrometer-scale regions with relatively bright
uniform contrast are associated with superstructure phase.
Stripe like lamella stretching along the〈1 1 0〉 direction can
be clearly recognized. Regions with darker contrast are in
association with the conventional hexagonal structure and
demonstrated by the diffraction pattern ofFig. 1(b), in which
no clear superstructure spots are visible.Fig. 1(c) represents
a typical diffraction pattern for the superstructure phase com-
monly appears in thex= 0.5 materials. The remarkable struc-
tural property for this superstructure phase is the presence of
the incommensurability along the〈1 1 0〉 direction. This fea-
ture is demonstrated with notable spot splits as indicated by
arrows.Fig. 1(d) shows a micro-photometric density curve
clearly illustrating the spot splitting along the〈1 1 0〉 direc-
tion. The presence of two peaks at the〈1 1 0〉/2 positions is
demonstrated. As a matter of fact, all superstructure spots
in present pattern can be well indexed by a structural mod-
ulation with a modulation wave vectorq= 〈1/4, 1/4, 0〉 + δ.
Where the incommensurate parameterδ, changing slightly
from area to area, depends sensitively on temperature and
electron beam illumination as found in our experiments. All
superstructure spots inFig. 1(c) are at the systematic position
of (LK0) + nq with L, K, n are integers. The superstructure
spots in present case are generally very sharp and strong,
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mogeneity also appear at the low-temperature phase.Fig. 1(f)
shows an electron diffraction pattern demonstrating the pres-
ence of well-defined twining structure frequently appear at
low-temperature.

In both polycrystalline and single crystalline samples, we
can also see some other kind of superstructures that in general
are shown as weak superstructure spots or diffused reflec-
tion streaks in the electron diffraction patterns. For instance,
Fig. 2(a) shows a [0 0 1] zone axis electron diffraction pat-
tern with weak diffused diffractions. These defused diffrac-
tion centered roughly at the systematic{4/5, 4/5, 0} positions
and spread to three distinctive directions. TEM observations
indicate that crystals with this kind of structure also show up
clear contrast inhomogeneity possibly resulting from phase
separation. TEM observations of the microstructure proper-
ties corresponding with this kind of superstructure were per-
formed in the certain regions at room temperature.Fig. 2(b)
shows a dark-field TEM image of a thin area by using the
(0 2 0) main spot. The submicrometer-scale bright region with
relatively uniform contrast has the conventional hexagonal
structure as further conformed by nano-diffraction technique.
The small dark speckles are believed to be corresponding to
Na-ordered areas as small as a few nanometers in size. Actu-
ally, our systematic TEM experimental investigations on the
NaxCoO2 samples withx in the large range of 0.3–0.85 reveal
that multi-modulated structures in association with complex
c ap-
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n
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p
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irectly indicating the long-coherent nature (>100 nm
he Na-ordered state and presence of evident resultant
ural distortion. Low-temperature TEM observations re
hat this incommensurate modulated structure change
ell-defined orthorhombic structure below 140 K as ill

rated in the electron diffraction pattern ofFig. 1(e). This
uperstructure can be indexed on to an orthorhombic
ith lattice parameter ofa=

√
3ahex, b= 2ahex, c=chex. Fol-

owing with the ways used previously for explaining
umerous superstructures appear in the NaxCoO2 system

he structural model with Na1–Na2 chain order can be us
n principle to explain our experimental results[9,10]. Mi-
rostructure investigation indicates that the structural i

ig. 2. (a) the [0 0 1] zone axis electron diffraction pattern with weak d
pot.
ontrast, as unveiled in dark-field TEM images, common
ear in this layered system with high Na+ mobility. Hence
omplicated Na-ordered state and phase segregations
oteworthy structure features, exist commonly in NaxCoO2
aterials. These features could yield salient influence o
hysical properties observed in present system, such as
onductivity, charge ordering transitions and thermoele
ower.

.2. Resistivity and magnetization measurements

Charge ordering proposed appearing below 100 K in
= 0.5 sample has been first investigated in several sam

diffractions. (b) A dark-field TEM image of a thin area by using the (0main
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Fig. 3. The magnetic resistivity characterization of the phase transitions in
polycrystalline Na0.5CoO2 below 100 K.

(both polycrystalline and single crystals) by measurements of
resistivity and magnetization. Three phase transitions as re-
ported in previous literatures are commonly recognizable but
with notable difference. The most evident anomaly shown
up as a sharp upturn in resistivity and a downturn in mag-
netization occurs at the temperature of around 53 K in all
samples examined in our study. This fact suggests that the
striking alternation in connection with CO and magnetic
structure definitely appears at this critical point. The tran-
sition at lower temperature of about 25 K can be unam-
biguously recognized in resistivity but occasionally appears
in magnetization. Previous studies suggest that this transi-
tion is association with ordering of two distinctive types of
magnetic atoms. The transition at 90 K, proposed in con-
nection with certain kind of structural changes, has lim-
ited effects on both resistivity and magnetization.Fig. 3
shows the resistivity and magnetic susceptibility (measured
by zero-field cooling (ZFC) DC in a field of 20 Oe) as func-
tion of temperature, characterizing of the low-temperature
phase transitions in a polycrystalline Na0.5CoO2 sample.
The evident anomaly of charge ordering in resistivity oc-
curs at the temperature of around 53 K, a notable satura-
tion just below 25 K, following by another increase of the
slope, which suggests another phase transition at this tem-
perature. Moreover, the magnetic susceptibility shown in this
figure demonstrates three clear transitions at 90, 53 and 25 K,
r
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Table 1
Lattice parameters of Na0.5CoO2 from 300 down to 9 K

T(K) a (Å) c (Å) c/a V (Å3)

9 2.82119 11.07529 3.92575 229.01941
35 2.81993 11.07643 3.92791 228.83844
65 2.82132 11.07857 3.92673 229.10835

105 2.82027 11.08098 3.92905 228.98765
150 2.82152 11.09649 3.93281 229.51148
200 2.82250 11.11052 3.93641 229.96133
250 2.81960 11.12475 3.94551 229.78294
300 2.82132 11.14321 3.94964 230.44513

transition) commonly occurs in associated with charge or-
dering transitions[15]. Although the resolution of XRD is
not high enough to elucidate the fine details of the structure
evolution alone temperature, further examination still pro-
vides some useful information.Table 1shows the structural
Rietveld refinements using the conventional P63/mmc sym-
metry. The c axis parameter almost keeps constant below the
transition (Tco∼ 50 K) and increase progressively with tem-
perature aboveTco. On the other hand, thea-axis parameter
remains constant in the whole temperature range from 9 to
300 K.

Fig. 4. (a) Temperature dependence of the resistivity for the pressure be-
tween 0 and 10 kbar. (b) Typical curves after taking the derivative of (a).
espectively.

.3. X-ray powder diffraction analysis

In order to understand the structure evolution along
hese low-temperature phase transitions, we have perfo
series of XRD measurements from 300 down to 10 K, th
ults suggest that the structure change along with charge
ransitions in present system is very small, no evident dis
inuous changes in either lattice parameters or crystal
etry at the critical temperatures are detected. This res

n sharp contrast with the data obtained for La0.5Ca0.5MnO3
ystem in which a clear structural change (first-order p
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3.4. Applied magnetic fields or high pressures effect

Fig. 4(a) shows the temperature dependence of resistiv-
ity of Na0.5CoO2 under different pressures ranging from 0
to 10 kbar. These experimental results indicate that, under
the high pressures, the resistivity is hardly affected above the
charge order transition and decreases clearly below charge
ordering temperature. Moreover, when the pressure is larger
than 6 kbar, remarkable resistivity reductions appear along
with the increase of pressure below 50 K. For facilitating the
comparison and for the sake of clarifyFig. 4(b) shows the
result of the derivatives of the resistivities obtained at the am-
bient pressure and a high pressure of 8 kbar. Pressure usually
tends to increase the electron orbital overlaps, which leads
to the enhancement of the conductivity. This is in particu-
larly obvious at the charge ordering state, which is initially
of a very high resistance due to the static charge pinning.
It can be apparently recognized that charge order transition
slightly shifts to higher temperature at both critical points
of aboutT∼ 53 and 25 K. These results demonstrate that the
high pressure could result in certain changes on the electronic
structure of low-temperature insulator Na0.5CoO2, for which
the charge-ordering gap has opened fully[14].

F
o
n

In the studies of manganites, it has been well evident that
the charge order transition can be much reduced by apply-
ing an external field, since the field forcedly aligns the local
spins and hence the double-exchange carriers gain mobil-
ity due to the reduced spin scattering. This phenomenon
is typically seen in temperature dependence of resistivity
for the La(Sr)MnO3 and Pr(Sr)MnO3 materials [16]. In
our recent investigations, the magnetic field effects on the
low-temperature phase transitions have been examined for
Na0.5CoO2 materials.Fig. 5 illuminates the temperature de-
pendence of resistivity (R–T curve) for Na0.5CoO2 in the ab-
sence of a magnetic field and under a magnetic field up to 7 T.
The results demonstrate that the transition upturns remains
almost the same under 7 T.

4. Conclusions

In summary, we have performed an extensively investi-
gation on magnetic and high pressure effects on the charge
order phase transitions in Na0.5CoO2. The results demon-
strate that the critical temperatures slightly shift to higher
temperature along with the increase of pressure. Under an
applied magnetic field of 7 T, the transition upturns in re-
sistivity remains almost unchanged. Transmission electron
m -
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ig. 5. (a) Temperature dependence of resistivity for the magnetic fields
f 0 and up to 7 T. (b) Curves after taking the derivative of (a) illustrating
eglectable changes of critical temperatures.
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icroscopy investigations on the�-Na0.5CoO2 materials re
eal the presence of a rich variety of superstructures ar
rom Na-ordering. Phase segregation shown up as com
icro domains in TEM dark-field images commonly appe

n this layered material, this structural feature essentiall
ults from chemical inhomogeneity in connection with
istribution and ordering.
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