PRL 97, 106403 (2006)

PHYSICAL REVIEW LETTERS

week ending
8 SEPTEMBER 2006

Stripe Correlations in Na; 75C00,

J. Geck,1 M.v. Zimmermann,2 H. Berger,3 S.V. Borisenko,1 H. Es.chrig,1 K. Koepernik,1 M. Knupfer,1 and B. Biichner'
'Leibniz Institute for Solid State and Materials Research IFW Dresden, Helmholtzstrafe 20, 01069 Dresden, Germany
2Hamburger Synchrotronstrahlungslabor HASYLAB at Deutsches Elektronen-Synchrotron DESY,

Notkestrafle 85, 22603 Hamburg, Germany

3Institut de Physique de la Matiére Complex (IPMC), EPF Lausannne, 1015 Lausanne, Switzerland
(Received 22 November 2005; published 7 September 2006)

We present a combined high-energy x-ray diffraction and local-density approximation study of the
sodium ordering in Nag;5C00,. The obtained results rule out previously proposed Na-ordering models
and provide strong evidence for the formation of sodium-density stripes in this material. The local-density
approximation calculations prove that the sodium-density stripes lead to a sizable dip in the density of the
Co states at the Fermi level, pointing to band structure effects as a driving force for the stripe formation.
This indicates that the sodium ordering is connected to stripelike charge correlations within the CoO,
layers, leading to an astonishing similarity between the doped cuprates and the Na,CoO, compounds.
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The many-body effects in correlated electron systems
based on square lattices often result in the development of
intrinsic charge inhomogeneities [1-3]. A particular
prominent example is the so-called stripe ordered phase
in the cuprates, where the doped holes condense into
charge stripes within the physically relevant CuO, planes
[1]. Up to date, this stripe order is discussed intensively in
relation to the high-temperature superconductivity and the
anomalous metallic state of these materials.

Recently Na,CoQO,, being a correlated electron system
based on a triangular lattice, has attracted considerable
attention due to the discovery of superconductivity in
water-intercalated compounds [4] as well as the outstand-
ing physics of the nonhydrated materials [5]. More specifi-
cally, for the nonhydrated Na,CoO, materials with x > 0.5
an anomalous metallic state with a thermopower 10 times
larger than that of a typical metal, the coexistence of
localized moments and electron itinerancy as well as un-
usual charge and spin order phenomena have been reported
[6—8]. These extraordinary electronic properties cannot be
reconciled with any conventional concept and remain to be
a challenge for both theory and experiment.

This raises the question whether the unconventional
physical properties of Na,CoO, with x ~ 0.7 are also
related to the presence of charge inhomogeneities, which
are formed within the CoO, layers in this case. To clarify
this question, in the first step of this study, we performed
a detailed characterization of structural modulations in
Naj,5Co0O, by means of high-energy x-ray diffraction
(HXD). As has been proven by numerous previous experi-
ments, HXD provides a highly sensitive probe for the
extremely weak structural modulations related to the for-
mation of charge inhomogeneities [9—11]. At the used
photon energies around 100 keV, the x-ray penetration
depth is of the order of 1 mm, which renders this technique
insensitive to surface effects and guarantees the detection
of bulk properties.
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PACS numbers: 71.30.+h, 61.10.Eq, 64.60.Cn, 71.27.+a

For the present experiment, which was conducted at the
beam line BWS of the HASYLAB in Hamburg, the photon
energy was set to 99.79 keV (A = 0.124 A)and the longi-
tudinal and transverse resolution at the (100) position was
set to 0.009 A~' (FWHM) and 0.015 A~' (FWHM), re-
spectively. Further details about the experimental setup
can be found in the literature [12]. The high-quality
Nag75C00, single crystals used for the x-ray diffraction
studies were grown by the sodium chloride flux methods as
thoroughly described elsewhere [13]. The mosaicity spread
of the sample was determined to be about 0.24°.
Furthermore, the observed room temperature lattice pa-
rameters ay = 2.83 A and ¢y = 10.84 A of the hexagonal
P65 /mmec structure agree well with the values reported in
the literature [14]. Since the ¢ axis depends strongly on x
[5], the resolution limited radial scan through the (004)
reflection (FWHM = 0.011°) at T = 8 K verifies a well-
defined and homogeneous sodium concentration in the
probed sample volume.

During a survey in reciprocal space at 8 K, a number of
superstructure reflections were observed around the (100)
reflection in the (HKO)-zone, which are summarized in
Fig. 1. In this figure, the indicated reciprocal lattice vec-
tors b, correspond to the direct lattice vectors a; , that
are parallel to the Na and CoO, layers (cf. Fig. 4).
Corresponding superstructures were also observed around
the (110) position. Radial scans through the superstructure
reflections at the commensurate (1.5, —0.25, 0) and (2,
—0.5, 0) positions taken at 7 = 8 K are shown on the
right-hand side of Fig. 1. The observation of superstructure
reflections at equivalent positions together with the fact
that these reflections do not vanish upon a rotation around
the scattering vector, excludes multiple scattering as a
possible origin for these peaks. The intensity profile at
the (1.5, —0.25, 0) position was fitted by a single
Lorentzian squared function. The FWHM determined by
this fit together with the experimental resolution deter-
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FIG. 1 (color online). (a), (b) Radial (®/20) scans taken at
T = 8 K. The small splitting of the (2, —0.5, 0) is due to the
mosaic of the sample in combination with the finite experimental
resolution. The solid lines are fits to the data (see text) and the
horizontal bar represents the experimental resolution. (¢) Sum-
mary of observed superstructure peaks around (100). The
hatched rectangle marks the assumed unit cell of the reciprocal
lattice. Open, solid, and hatched circles indicate Bragg reflec-
tions, superstructure peaks observed for all investigated tem-
peratures, and peaks only observable below Tgq, respectively.
(d) Line scan along the (100) — (2, —0.5, 0) direction. Vertical
lines: positions where peaks are expected, according to electron
diffraction.

mined at the (100) position yield a correlation length of
about 300 A for the corresponding superstructure
modulation.

In order to obtain information about the origin of the
observed superstructures, we performed temperature de-
pendent measurements at two representative positions in
reciprocal space: in Fig. 2, the temperature dependence of
the integrated intensity at the (1.5, —0.25, 0) position is
displayed, showing that this reflection appears only below
Tso = 350 K. In addition to this, the intensity of the (1.5,
—0.25, 0) reflection depends strongly on the cooling pro-
cess, as demonstrated by the two measurements shown in
Fig. 2. The first measurement was performed with increas-
ing temperature after the sample had been cooled down
slowly at 2 K/ min (open symbols). The second measure-
ment was also taken upon heating, but this time the sample
had been cooled down rapidly at about 15 K/ min (closed
symbols). The large differences between the two measure-
ments are evident. This is a strong indication for an order-
ing phenomenon that is related to the ordering of sodium
ions, where relatively slow ion-hopping processes are in-
volved. Upon rapid cooling, the sodium order is frozen,
1.e., a certain amount of disorder remains, whereas it can be
established to a higher extent if the sample is cooled down
slowly. Upon increasing the temperature again, the ther-
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FIG. 2 (color online). Temperature dependence of the inte-
grated intensity at the (1.5, —0.25, 0) position. After cooling
down to low temperatures at different cooling rates, both mea-
surements have been performed at increasing temperature. The
solid lines are guides to the eye.

mally activated sodium ions become more and more mo-
bile, which allows to remove defects in the sodium
superlattice before the order finally vanishes upon heating
at Tso. The conclusion that the superlattice modulation
below Tgg is not primarily related to charge order within
the CoO, layers but to sodium order is further supported by
the metallic resistivity below 350 K of Na,CoO, around
x = 0.75 [5] and a recent neutron scattering study [14],
where changes in the Na sublattice were observed in the
very same temperature regime. In addition, T5g matches
the temperature of the first order transition found in a
recent thermodynamic study on Naj75CoO, [15].

As a second reflection, we have studied the (2, —0.5, 0)
peak and its temperature dependence. The integrated in-
tensity of this reflection measured after rapid cooling is
shown in Fig. 3. The measurement after rapid cooling
shown in Fig. 2 and the data given in Fig. 3 have been
obtained during the same run, verifying a completely
different temperature dependence of the two reflections.
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FIG. 3 (color online). Temperature dependence of the inte-
grated intensity at the (2, —0.5, 0) position (O). The measure-
ment has been performed with increasing temperature after rapid
cooling. The solid line is just a guide to the eye. A comparison of
the relative intensity changes for the (1.5, —0.25, 0) (@) and the
(2, —0.5, 0) reflection is given in the inset.
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As can be observed in Fig. 3, the (2, —0.5, 0) reflection
does not disappear above 350 K, but is observed in the
whole investigated temperature range instead. The slope
change of the (2, —0.5, 0) intensity around 150 K roughly
coincides with the temperature regime where the (1.5,
—0.25, 0) intensity starts to increase considerably.
Furthermore, the intensity at the (2, —0.5, 0) reflection
also varies across the phase transition at 350 K, indicating
that these two superlattice modulations are coupled.
Nonetheless, the temperature dependent variation of the
(2, —0.5, 0) reflection is relatively weak, as illustrated in
the inset of Fig. 3. Also the width of this reflection remains
constant within the errors of the experiment. To conclude
so far, the low temperature superstructure is established in
two steps: first, the doubling of the unit cell signaled by the
(2, —0.5, 0) reflection occurs at temperatures well above
360 K and then, the structural modulation related to the
(1.5, —0.25, 0) peak appears below Tgg = 350 K, which
can clearly be attributed to sodium order.

As indicated in Fig. 1, the observed superlattice reflec-
tions in the (HKO) zone can be described by the orthogonal
basis vectors b, /2-b,/4 and b, /4. But since only a finite
number of positions in reciprocal space could be checked
and, furthermore, differently oriented twin domains might
exist in the sodium ordered phase, the HXD data do not
allow to prove unambiguously the dimensions of the unit
cell.

Nonetheless, the HXD data yield important clear-cut
conclusions regarding previously proposed models for
the sodium ordering in Naj 75CoO,: the observed superlat-
tice reflections do not correspond to the unit cell which was
deduced from electron diffraction (ED) data [16] and
which was used later for ab initio calculations [17,18]. In
particular, the (100) — (2, —0.5, 0) line scan in Fig. 1(d)
verifies the absence of superlattice reflections correspond-
ing to this unit cell. The superstructure related to the
vacancy ordering that has been found in Monte Carlo
simulations [19] does also not match the HXD results.

Regarding the complications related to the twinning of
the samples, we note that the different temperature depen-
dencies in Fig. 2 might be related to a twin structure that
depends on the cooling process. These effects are currently
under study and will be the subject of a forthcoming
publication. However, it can be observed in Fig. 1 that
the (110) direction differs from the (100)/(010) direction.
Since this would not be the case in a fully twinned sample
[see, e.g., Ref. [18]], the data indicate that a single twin
domain dominates the HXD intensity.

Therefore, we performed a local-density approximation
(LDA) study of the sodium order based on the supercell of
the direct lattice shown in Figs. 4(a) and 4(b), which
corresponds to reciprocal lattice vectors b,/2-b,/4 and
b,/4. The aim of these calculations was threefold: (i) to
determine the lowest energy state in this supercell, (ii) to
compare the obtained total energies to the proposed models
in the literature, and (iii) to determine the effect of the
sodium order on the electronic states of the CoO, planes.

BXYOP'E

FIG. 4 (color online). Models for the sodium superlattice in
Naj75C00,. Projections of superstructure unit cells on the
(ay, a,) plane are shown. Small gray and white circles indicate
Na(1) and Na(2) sites, respectively. The occupied Na sites are
indicated by big solid (red) circles. The numbers m/n indicate
the number of first or second Na-Na neighbors and the corre-
sponding sodium-density variations are indicated by the gray
shadings.

For the LDA [20] study the FPLO package version 5.20 [21]
has been used. The calculations were performed non-spin-
polarized and all calculations were done for a fixed unit
cell volume. To compare to previous calculations in the
literature [18], we used ay = 2.82 A and ¢y = 10.89 A,
which slightly differ from the observed values by about
0.5%.

The free parameter of the oxygen Wyckoff position was
relaxed for each structure and resulted in the same oxygen
position for all Na patterns considered. In order to assess
our calculations we recalculated the total energies of a
number of structures considered in Ref. [17] and obtained
very good agreement in the structural energy differences.
The LDA calculations yield the lowest total energy for the
structure given in Fig. 4(a), which amounts to E, =
45.2278 eV per Naj75C0o0, formula unit. The two struc-
tures shown in Fig. 4(b) and 4(c) correspond to higher total
energies. We obtain £, — E, =354 meVand E, — E, =
46.3 meV, respectively. With respect to the stacking in the
third direction, two possibilities were considered with an
inversion center at the Co site and midway between two
nearest neighbor Co sites, respectively. However, the cor-
responding energy differences are negligible. The differ-
ences between the structures (a), (b) and (c) can essentially
be understood by Coulomb energy arguments: (a) and (c)
comprise a charge density wave of comparable amplitude,
but with wave vector 2a; + 4a, in the case (a), while (c)
has the shorter wave vector 2a,. The structure (b) has also a
charge density wave with wave vector 2a; + 4a,, however
with a considerably larger amplitude.
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The model reproduced in Fig. 4(c) corresponds to the
lowest energy state reported by Zhang et al. based on the
unit cell deduced from ED data [16,17]. Since this model
neither corresponds to the superstructure reflections ob-
served by HXD nor has the lowest total energy, we can
exclude this ordering pattern as a ground state for
Na; 75C00,. Exactly the same holds for the structure de-
termined by Meng et al. [18]; i.e., it does not agree with the
HXD results and we find a higher total energy in LDA,
comparable to the one of the ordering in Fig. 4(c). Hence,
this ordering is ruled out as well.

Next, we compare our results to existing experimental
data: the disagreement between the ED and the HXD data
mentioned above could be due to the different sample
volumes probed by the two techniques (the penetration
depth of 100 keV photons is of the order of 1 mm, while
it is of the order of 100 nm in the case of ED). Another
complication might be related to the fact that the electron
beam used for the ED experiment itself can influence the
sodium ordering [16].

Concerning existing neutron data of Naj-5Co00,, the
transition temperature 7Tgq found in the present HXD study
is in good agreement with the sodium rearrangement that
was observed by neutron powder diffraction, as mentioned
above [14]. However, in this study only a symmetry change
related to the Na sites was revealed, whereas no enlarge-
ment of the unit cell was reported. The Na(2)/Na(1) ratio
of the ordering depicted in Fig. 4(a) (and also of the model
by Zandbergen et al.) is y = 1, whereas a value of y = 2.5
was obtained by a refinement of the neutron data. A
possible origin for the different y values might lie in
deviations from the ideal ordering pattern which become
increasingly important around x = 0.75 [17]. Indeed, the
sodium disorder was found to be strongly increased in
Nag 75C00, polycrystals as compared to single crystalline
materials [15]. This provides an explanation for the differ-
ent vy values and is consistent with the fact that no super-
lattice has been found in the neutron powder diffraction
studies.

The obtained lowest energy state (a) exhibits sodium-
density stripes (SDS) within the Na planes, as indicated by
the gray shading in Fig. 4(a). The LDA calculations prove
that this ordering produces a sizeable dip in the density of
the Co states at the Fermi level, pointing to band structure
effects as a driving force for the stripe formation. This
indicates that the SDS are related to intrinsic stripelike
charge correlations within the CoO, planes, which is sup-
ported by a NMR/NQR study, where different Co sites
were observed for Na,CoO, with x = 0.7 [22]. The cou-
pling of the SDS to the CoO, planes is also corroborated by
the development of a SDW in Na,, 7,5Co0O, below 22 K [15].

Taking into account that the hydrated superconducting
samples have been shown to be of the composition

Nay 337(H3;0).C00, - yH,O with a doping level corre-
sponding to Na,CoO, with x = 0.7 [23], an astonishing
analogy to the high-temperature superconducting cuprates
appears: the electric field that is caused by the SDS might
induce a pinning potential for charge stripes within the
adjacent CoO, layers, similar to the cooperative octahedral
tilts in the so-called LTT phase of the doped cuprates. One
may speculate whether the reduction of this pinning po-
tential upon hydration is related to the concomitant appear-
ance of superconductivity. However, this scenario has
certainly to be verified by further experiments which are
capable to detect directly charge order within the CoO,
layers.

In conclusion, combining experimental HXD data and
LDA model calculations we can clearly rule out previous
proposed sodium order models for Naj;,5C00,. Further-
more, the experimental and theoretical results provide firm
evidence for the development of SDS below Tgq, which is
related to charge-stripe correlations within the two-
dimensional triangular CoO, layers.
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