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Phase diagram of Na,CoO,(x=0.71) has been reinvestigated using electrochemically fine-tuned single
crystals. Both phase-separation and staging phenomena as a result of sodium multivacancy cluster ordering
have been found. Phase-separation phenomenon is observed in the narrow ranges of 0.76=<x=<0.82 and
0.83=x=0.86. While x=0.820 shows A-type antiferromagnetic (A-AF) ordering below 22 K, x=0.833 is
confirmed to have a magnetic ground state of A-AF ordering below ~8 K and is only reachable through slow
cooling. In addition, x=0.859 is found to be responsible for the highest A-AF transition temperature at about
29 K. Staging model based on ordered stacking of multivacancy layers is proposed to explain the hysteretic

behavior and A-AF correlation length for x ~0.82—0.86.
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I. INTRODUCTION

Layered material Na,CoO, has a rich electronic and
magnetic-phase diagram as a function of x, from A-type an-
tiferromagnetic ordering for x=0.75, to metal-to-insulator
transition for x~1/2, and even superconductivity for x
~1/3 after hydration.! Although A-type AF magnetic order-
ing transition below 22 K has been reported in all samples of
nominal x from 0.75 to 0.85, the difference among these
concentrations has usually been ignored, either due to poorly
controlled Na level from melt growth or roughly estimated
Na content.>* The high Na-vapor loss during high-
temperature melt growth is well known and the diffusive
nature of Na ions at room temperature makes the control of
Na content even more difficult,” which can often lead to an
inhomogeneous mixture of phases for x=0.7. Only until re-
cently, detailed Na-ion ordering has been revealed through
neutron and synchrotron x-ray diffraction studies on single-
crystal samples.®” The newly found evidence of superstruc-
ture formed by multivacancy clusters in x~0.71 and 0.84
introduces an idea of doped holes partial localization, which
is able to resolve many intriguing physical phenomena found
in this layered system, including the Curie-Weiss behavior of
a metallic system, the enhanced thermoelectric power, the
novel spin liquid state, the reconstructed Fermi surface, and
the origin of A-type AF ordering.”® Recent studies of x
~0.80 and 0.85 by Schulze et al. conclude that Na ordering
is highly dependent on the cooling rate, where an additional
magnetic ordering below 8 K appears only after the sample
is slowly cooled through the 300-200 K range.'® However,
the real impact of the successive Na rearrangement processes
remains to be clarified and the phase diagram must be revis-
ited.

Herein, using results from additionally improved electro-
chemical techniques, specific heat, and high-resolution
single-crystal synchrotron x-ray Laue diffraction, we report
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detailed magnetic- and structural-phase diagram in the region
of 0.71=x=0.86. Structural phase-separation phenomenon
is found in the two regions of 0.76-0.82 and 0.83-0.86 at
room temperature as shown in Fig. 1. While simple
hexagonal superstructure of V13a is maintained in all
samples with x in the range of 0.82-0.86, the magnetic
ground state turns out to be distinctively different. In fact,
there are three distinct A-AF transition temperatures of Ty,
=22 K, T\»=8 K, and T)3=29 K found in this range, cor-
responding to a proposed specific multivacancy layer-stack
ordering of well-defined stoichiometry of x=0.820, 0.833,
and 0.859, respectively, plus x=0.763 that shows a spin-
glasslike behavior below ~3 K and with a significantly
larger superlattice of \19a. In particular, we find x=0.820 to
be the most stable phase and cooling-rate independent while
x=0.833 shows a strong cooling-rate-dependent nature with
transitions found near 8 K (through slow cooling) and 16 K
(through fast cooling). These distinctively different A-AF
phases found in 0.820, 0.833, and 0.859 can be reasonably
constructed by adding different levels of additional Na va-
cancy to the ideal divecancy formed x=11/13=0.846 super-
structure of \13a X y13a X 3c.”!3 Applying a layered staging
model similar to that used in graphite-intercalated
compounds,!! for example, Ty, phase (x=0.820) can be de-
scribed as a stage-2 compound, i.e., where correct stoichiom-
etry is obtained by introducing two more Na vacancies into
the original ideal V13ax 132X 3¢ superunit cell, and these
defects create trivacancy layers that are sandwiched between
every two divacancy layers. On the other hand, Ty, phase
(x=0.833) corresponds to stage-3, i.e., a trivacancy layer is
sandwiched between every five divacancy layers. Most inter-
estingly, the staging model suggests that the trivacancy lay-
ers serve as nucleation centers for the interlayer AF ordering.
This picture naturally explains why x=0.820 has a higher Ty
than that of x=0.833 because of its shortest intertrivacancy
layer distance. The observed phase-separation phenomenon
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FIG. 1. (Color online) (a) A revised phase diagram of Na,CoO,
in the range of 0.71-0.86 and the proposed staging models for x
=0.820(Ty;=22 K), 0.833(Ty»=8 K), and 0.859(Ty3=29 K).
Magnetic-ordering temperatures are marked by red cross. (b) Na
layers with trivacancy, divacancy, and monovacancy, where Na2
ions (blue) move from the original Na2 site (empty circle) to the
Nal site (red). Superlattice is drawn by connecting Nal sites at the
Nal trimer top. (c) Crystal structure for y-Na,CoO, of P6;/mmc
symmetry with vacant Nal sites shown in empty circles.

is a natural consequence of the competing multivacancy
cluster size, superlattice size, and interlayer magnetic corre-
lation.

II. EXPERIMENTAL

High-quality single crystals of well-controlled Na content
were prepared using electrochemical deintercalation tech-
nique starting from high Na-content crystal of x~0.84
grown with floating-zone method, the details have been
documented previously.>”:!> The exact Na content has been
cross checked with ¢ axis vs x linear relationship constructed

study uses c(x) linear function that is further calibrated by
the phase-separated boundaries and EPMA is averaged out
from freshly cleaved crystal surface for more than 100
points. A complete list of samples studied is summarized in
Table I. Due to the active diffusive nature of Na ions at room
temperature and the minute differences in Na content, all
measurements were done on freshly prepared crystals within
days. Otherwise crystal samples must be stored within L-N,
Dewar below 200K in order to suppress Na loss from the
surface. Synchrotron x-ray Laue diffraction for Na super-
structure investigation was performed with synchrotron
source in Taiwan NSRRC and magnetic-property character-
ization was done using Quantum Design superconducting
quantum interference device MPMS XL.

III. RESULTS AND DISCUSSIONS

While zooming in the region of x>0.75 using electro-
chemical technique, we found several concentrations to be
particularly stable and of two-phase character. As indicated
in Fig. 2, the evidence of phase separation is demonstrated
by the x-dependent evolution of (008) diffraction-peak-
integrated intensities, where the growth of one end phase is

TABLE 1. Summary of studied Na,CoO, crystal samples.

Sample # 1-5 6-10 11-15 16-20 21-25

x (EPMA) 0.768(4) 0.801(5) 0.820(3) 0.832(2) 0.842(5)

x (c axis) 0.771(2) PS 0.820(2) 0.832(2) PS

x (model) 0.763 PS 0.820 0.833 PS 0.859
Ty (K) 3b 22 22 8 8/29

4Slow cooling.

bSpin glass-like behavior.
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FIG. 3. (Color online) Synchrotron x-ray Laue pattern for x
=0.801(5) at room temperature, where three twin sets of hexagonal
units are shown in the rec1procal che (upper 1nset) which corre-
spond to hexagonal V13a (blue), v12a (red), and 19a (green) su-
perlattices in the real space (lower inset).

at the expense of the other at the miscibility-gap boundaries
without continuous intermediate phase in between. As shown
in Figs. 1 and 2, phase-separation phenomenon is found to
occur in two regions of x~0.76—0.82 and 0.83-0.86, where
coexistence of two end phases grow at the expense of each
other as indicated by the (008) x-ray diffraction peaks while
solid solution connects phases between miscibility gaps.
Clearly the growth of 0.82 phase is at the expense of 0.76
phase for increasing x. Such coexisting pattern of two phases
can only be observed in the narrow regions of 0.76—0.82 and
0.83-0.86, although O3-type secondary phase is commonly
found for x=0.85 from melt growth.%!> Pure x ~0.86 phase
cannot be prepared using electrochemical technique, partly
due to the fact that it becomes harder for Na to intercalate
into the host structure of compressed ¢ axis.>’ Enforcing
more Na into the matrix electrochemically destroys its order-
ing as indicated by the broadened diffraction peaks that cor-
respond to x=0.86 as shown in Fig. 2(a).

Figure 3 shows synchrotron x-ray Laue diffraction results
for x=0.801(5), where x sits in the middle of the miscibility
gap of 0.76-0.82. Although in-house x-ray results for x
within 0.76-0.82 range all display two-phase feature of the
two end compounds only, the synchrotron x-ray Laue shows
there are actually three coexist phases at room temperature.
As shown in Fig. 3, we can clearly identify three twin sets of
hexagonal superlattices that correspond to \V19a, \13a, and
V12a in the real space, the latter two can be compared w1th
the pubhshed single-phase Laue patterns of x= O71(V12a)
and 0.84(1132).7!3 The newly found 19a superlattice must
be due to Na ordering for x~0.76 and has been verified by
single phase sample, where more Na vacancies are intro-
duced and a larger superlattice becomes necessary to accom-
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FIG. 4. (Color online) Magnetic susceptibility measurement re-
sults for x>0.80 under applied field of 1 and 0.01 Tesla (inset)
along the ¢ and ab directions, respectively. All measurements were
performed after being zero-field-cooled from room temperature
through 200 K with cooling rate of 2 K/min. A-type AF ordering is
indicated by the cusp of c-axis susceptibility . and the onsets of
low-field hysteresis shown in the inset.

modate larger multivacancy clusters. In fact it requires 4.5
vacancies per superlattice of size V19a to account for stoichi-
ometry of x~0.76, i.e., x= 1— =0.763 that is composed of
quadrivacancy and pentavacancy clusters in adjacent layers
for y-Na,Co0,.””!3 A detailed analysis for x~0.76 sample
will be presented elsewhere. By treating this layered material
to be a pseudobinary system composed of Na and CoO,, the
triple coexisting superlattices at constant temperature and
pressure does not violate the phase rule, in fact it has reached
the allowed maximum number of three Considering domi-
nant domains are from x~0.82 ( 13a with divacancy clus-
ters) and x~0.76 (y19a with quadri/pentavacancy clusters),
it is reasonable to have a buffered zone at the domain bougl—
ary which is built with tri/quadrivacancy clusters of \12a
superlattice.

Most of the magnetic-susceptibility measurements for
Na,CoO, with x=0.75 before show A-type AF signature
near 22 K, i.e., the cusp of y, under high field. Although
crude magnetic-phase mappings in this range before suggest
that Ty varies between 22-27 K,*!* Schulze et al. recently
found an additional 8 K phase for x~0.80 and 0.85, which
can be obtained only after a slow cooling process.'” With
carefully tuned single crystals in the narrow range of 0.82-
0.86, we are able to revisit the magnetic-phase diagram and
untangle the mystery of Ty variation. Magnetic-susceptibility
measurement results are shown in Fig. 4, all measurements
were done after a slow cooling rate of 2 K/min. We find that
Ty does not change with x monotonously and continuously,
instead, the four phases at the two miscibility gap boundaries
shown in Figs. 1 and 4 are responsible for the different char-
acteristic Ty’s, where x~0.76 shows Curie-Weiss behavior
down to 5 K (not shown). The onsets of A-AF transitions are
indicated by the cusp of y. under high filed, which occur at
Tni=22 K, Tyy=8 K, and Ty;3=29 K for x=0.820, 0.833,
and 0.859, respectively, while 0.801(5) and 0.842(5) data
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FIG. 5. (Color online) Specific-heat measurement results for x
=0.820(3) and 0.832(2) obtained from slowest cooling rate of 0.5
K/min. The inset shows x=0.832(2) has strong cooling-rate depen-
dence, where 8 K phase grows at the expense of 16 K phase as
cooling rate reduces from 15 to 0.5 K/min.

reflect their mixed-phase nature, i.e., superposition of contri-
butions from the end members of 0.76—0.82 and 0.83-0.86
miscibility gaps, respectively. There is ZFC/FC irreversibil-
ity found below T} for both yx, and y,, at low field, although
stronger FM saturation moments are seen along the ab direc-
tion. Such A-AF ordering has been verified by the neutron
scattering for Naj ¢,C00,,* where strong field dependence of
magnetization below 7Ty~22 K has been confirmed to be
metamagnetic.'> Current low-field measurement is in agree-
ment with that reported for x~0.85,'% although our data in-
dicate that the 8 K phase is coming from the phase of x
closer to 0.833, while a more stable phase of 22 K is from x
closer to 0.820.

We find that the different onsets of A-AF transition be-
tween x=0.820(3) and 0.832(2) are clearly demonstrated by
the cooling-rate dependence of 7, as revealed by the
specific-heat data shown in Fig. 5, where 22 K transition for
x=0.820(3) is independent of cooling rate, while fast cooling
rate moves Ty discretely from 8 to 16 K for x=0.832(2). 16
K phase occurs in x=0.832(2) when a fast cooling is applied,
while it decreases at the expense of 8 K phase generation
under decreasing cooling rate, although the existence of mi-
nor 22 K is difficult to avoid completely for samples near the
phase-separated boundary. The ratio of the minor 22 K phase
to the major 8 K phase in the present x=0.833 sample can be
estimated to be 3.6% from the entropy change in the small
anomaly at 22 K for Najg33C00,. Sodium-ion diffusion is
active at room temperature for high x samples® but it freezes
below ~200 K as indicated by the sharp increase in 1/T for
Na due to Na motion.'6 Sample of x=0.832(2) must be
cooled through the temperature range of 300-200K with a
rate slower than 10 K/min in order to reach the magnetic
ground state that corresponds to 8 K magnetic ordering.

The entropy associated with the 22 K transition in
Naj g,0C0o0O, and the 8 K transition in Nagg33C00, are esti-
mated to be AS~ 170 mJ/mol K and AS~200 mJ/mol K,
respectively. Taking the surface value of estimated AS and
the transition-width character, these results indicate that the
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FIG. 6. (Color online) Electron-diffraction patterns of single do-
main Nag g,0CoO, for transmitted e beam along [001],, [101],,, and
[201], projections (p denoting the primitive lattice). The super-
lattice spots surrounding the intense primitive-cell reflections in the
ab_plane _pr()]ectlon [001], indicate the superlattice ordering of
V13aXy13a without c-axis information. In the azimuthal
projections of [101], and [201],, the superlattice reflections
sgggests 3¢ ordering, i.e., can only be indexed correctly with
V13aX \13a X 3c superlattice.

magnetic moments order better in Nagg33CoO, than in
Nag g>0C00,. The relatively poor ordering of stage-2 for x
=0.820(Ty;=22 K) than that of stage-5 x=0.833(Ty,
=8 K) is interestingly in agreement with the alternating 7-Q
stacking requirement as described by the x=0.71 superstruc-
ture model before,”!? i.e., trivacancy is not favorable in the
even layer within P6;/mmc symmetry and there must exist
mixing stages of 1 and 3 for x=0.820. The AS value for x
=0.833 is more than ten times larger than that reported in
Ref. 10, which suggests a nearly single 8 K phase in the
present sample. On the other hand, these measured AS values
are only about 20% of the entropy estimated from the com-
plete ordering of fully localized spin-1/2 Co** ions. This dis-
crepancy might indicate the failure of the simple ionic
Co**-Co** picture.

Since all samples with x=0.82 show identical superlattice
size of \13a, the subtle difference for x~0.82 and 0.83 must
be related to the Na rearrangement generated by the addition-
ally introduced Na defect that causes deviation | from the ideal
divacancy constructed 0.846=11/13 of 13ax\13a X 3¢
superstructure.”'> But what kind of mechanism is respon-
sible for these discrete Ty’s of Ax only 1-3 % apart? The
secret lies in the stack ordering of two-dimensional (2D)
hexagonal superlattices. From our previous studies on the
structure of 0.71 and 0.84,7!3 the ideal superlattice has a 3¢
periodicity. The 3¢ periodicity for x=0.820 is once again
confirmed by electron-diffraction patterns on single-domain
crystals as shown in Fig. 6. Although [001], diffraction pat-
tern cannot tell the periodicity along ¢ direction, perfect in-
dexing for diffraction patterns with transmitted beam along
primitive [101], and [201], can only be achieved with the
help of 3¢ periodicity assignment. When one and two more
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Na defects per 3¢ unit (i.e., six layers of Na) are introduced
into the perfectly ordered original 0.846=11/13
superstructure,7 two additional stoichiometries of 0.833
=O.846—é X %3 and 0.820:0.846—% X 11—3 can be introduced,
as verified by our x-ray and magnetic-measurement results
shown above. When magnetic ordering occurs, spins from
itinerant electron or localized electrons near Co ions are cer-
tain to be affected by the rearrangement of Na multivacancy
clusters in the nearby laye_rs. In fact the in-plane
intervacancy-cluster distance \13a is nearly twice the inter
CoQ, distance. Since every one extra Na vacancy introduced
into the ideal 3¢ unit would convert the original layer of
divacancy formed 2D superstructure into trivacancy, we can
thus simplify the stacking problem into stack ordering be-
tween the divacancy (D) and trivacancy (T) layers along the
¢ direction. We propose a staging model as shown in Fig. 1
to explain such stack ordering, which shows strong resem-
blance to the staging phenomenon often observed in the 2D
intercalated graphite compounds.'" The x=0.833 phase
which has only one Na defect introduced could have a
stage-5 construction while x=0.820 phase of two Na defects
per 3¢ unit must have a stage-2 construction, i.e., there are
five and two D layers sandwiched in between T layers.

We can now use the staging picture to interpret the variety
of magnetic-ordering temperatures observed in the range
0.82=<x=0.86. As discussed previously,’ the divacancy may
localize a carrier on the adjacent Co layer, leaving a low-
density hole gas of density %, which is unstable to Stoner
ferromagnetism. This may be the origin of the ferromagnetic
layers which then order antiferromagnetically between layers
to form the A-type AF ordering. Here we suggest that the
driving force for interlayer coupling may lie in the T layer.
The trivacancy has one extra negative charge which lowers
the tunneling barrier between the localized holes on the ad-
jacent layers and enhances the antiferromagnetic spin corre-
lation between them. Thus the T layer may form the nucle-
ation layers to drive the three-dimensional AF order. This
picture explains why Ty, is 22K for x=0.820 vs Ty, is 8§ K
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for x=0.833 where the spacing between T layers is much
larger. Upon rapid cooling, some stage-4 and stage-6 states
may form. The stage-4 metastable phase may be responsible
for the intermediate Ty of 16 K. The hysteretic behavior
observed below Ty (see Fig. 4) could also be explained by
either the in-plane FM domain effect or by uncanceled
A-type AF moments along the ¢ axis as a result of mixed
staging. The phase separation observed near 0.83-0.86 can
also be explained using the same stage model. Since 0.859
=0.846+é X 11—3, i.e., one more Na ion (not vacancy) is inﬂ)—
duced into the original ideal x=0.846 phase of V13a
X \V13aX 3¢ superstructure, the divacancy is converted to a
monovacancy (M) forming a stage-5 stacking. The hole den-
sity on either side of the M layer is now reduced by %X %
and we may expect an even strong tendency toward Stoner
ferromagnetism. The higher transition temperature of the Co
layers adjacent to the M layer may explain the higher 7ys

=29 K for x=0.859.

IV. CONCLUSIONS

In conclusion, we have revised Na,CoO, phase diagram
in the range of 0.71-0.86 using electrochemically fine-tuned
single-crystal samples. The puzzling and inconsistent mea-
surement results in this range before have been clarified and
interpreted as a result of phase-separation and staging phe-
nomena. A direct link between the high-temperature Na ion
(vacancy) ordering and the low-temperature magnetic prop-
erties has been established. The highly correlated ion, mag-
netic and charge orderings in layered Na,CoO, can provide
invaluable information to the study of strongly correlated
electron low-dimensional system which has itinerant elec-
trons on a triangular lattice.
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