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Doping-dependent charge and spin superstructures in layered cobalt perovskites
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We have investigated cobaltite relatives of the layered perovskite cuprates and nickelates, Pr,_,Ca,CoO,
(0.39=x=0.73) and La,_,Sr,CoO4 (x=0.4,0.61), using elastic neutron scattering. We have discovered
doping-dependent incommensurate short-range ordering of charges and magnetic moments, which in cobaltites
occur in the nonitinerant polaron phase, for 0.5=<x=0.75. The charge order exists already at room temperature
and shows no change on cooling. The incommensurability of its propagation vector, Q.=(e,,0,[), roughly
scales with the concentration of Co®* ions, €.~ (1—x). Magnetic order follows at low 7<40 K and has twice
larger periodicity, indicating a dominant antiferromagnetic correlation between the nearest Co>* spins.
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Physical origins of doping-dependent incommensurate
charge and spin orderings (CO and SO) in doped Mott-
Hubbard insulators (MHI) and their relevance to the mecha-
nisms of high-temperature superconductivity in cuprates still
remain a mystery. Numerous experiments have shown that
doped holes in La,_,Sr,CuO, cuprates and closely related
isostructural but insulating doped layered perovskite nick-
elates, La,_,Sr,NiQ,, exhibit an in-plane CO whose propaga-
tion vector is roughly proportional to doping x and magnetic
order, whose modulation period is twice larger.'® One
simple picture of such simultaneous real-space ordering of
charges and spins is provided by the charge stripe model,
where itinerant doped holes segregate into lines separating
stripes of antiferromagnetic domains.' It is supported by the
theoretical analysis of the two-dimensional (2D) Hubbard
model, which is believed to describe high-T. cuprates, and an
influential school of thought advocates that electronic nem-
atic phase in the form of charge stripes in fact promotes
superconductivity in doped cuprates.>°~'2 The key point in
such a picture is that doped holes are highly mobile so one-
dimensional (1D) delocalization decreases their Kinetic en-
ergy. Charge and antiferromagnetic spin orders in this model
are intimately coupled, as both are signatures of the same
ordering instability of interacting itinerant charges in 2D
MHI, arguably aiding superconductivity rather than compet-
ing with it.

However, most MHI cannot even be made metallic by
doping, as strong polaronic self-localization of doped
charges hinders metallic transport.!”> The above itinerant
stripe picture discards such charge immobilization effects.
While this is justified for moderately to highly doped cu-
prates with “parallel” (aligned with Cu-O bonds) stripes and
metallic conductivity,'* it is questionable for lightly doped
cuprates and insulating nickelates, where CO implies “diag-
onal” stripes with charge lines at 45° to Cu-O bonds and
activated charge transport.'>!> Doping-dependent diagonal
CO (but not SO), with incommensurability 6~ 1-x, was
also found in perovskite manganites, where it competes with
metallic behavior, yielding an insulating phase for
x=0.5.19"1 Complex interplay of double exchange, lattice
interactions, and orbital degeneracy in this case lead to a
number of conflicting interpretations of CO, ranging from
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stripes to Wigner crystal to polaronic charge-density wave.
So, is it possible to disentangle the relative importance of
itinerancy and various interactions in driving doping-
dependent charge and spin orders with SO and CO incom-
mensurabilities related by J;,~ €./2 in doped MHI?

In an attempt to answer this question we have studied
layered perovskite cobalt oxides Pr,_,Ca,CoO, (PCCo00),
0.39=x=0.73, and La,_,Sr,CoO, (LSC00), 0.4=x=0.61,
which are isostructural with 2D cuprates and nickelates, but
have different 3d’/3d® local electronic configuration of
Co?*/Co*.20 Despite this superficial complication, cobaltites
actually represent rather simple limit, one where polaronic
effects clearly dominate, leading to nonitinerant behavior of
doped charges.?’?* Their undoped (x=0) parent materials
are also antiferromagnetic insulators [Ty=275 K for
LSCoO (Ref. 21)], but unlike cuprates or manganites, lay-
ered cobaltites remain insulating throughout the doping
range 0 =x = 1,>>>* which is in fact typical for a MHI. Theo-
retically, doping-dependent CO can also occur in MHI with
self-localized doped charges, where it is a cooperative order-
ing of lattice polarons, minimizing lattice strain.'>?> Short-
range checkerboard charge order (CCO) observed by neutron
diffraction in the x=0.5 LSCoO sample at T<825 K (Ref.
22) is perhaps such a correlated polaron glass phase although
CCO can also be viewed as a limiting case of charge stripe
order with shortest possible stripe spacing, and this is how it
was interpreted in the x=0.5 nickelate.®” In LSCoO, how-
ever, CO is totally independent of spins, which only order at
T=30 K, and detailed investigation of SO scattering re-
vealed no evidence for incipient 1D charge stripes.?®

Holes in doped cobaltites are strongly localized. The
ab-plane resistivity in LSCoO is in the ~10 Q c¢cm (x=1) to
=10* Q cm (x=<0.5) range and shows polaronic activated
behavior with activation energy E,~1500 K to E,
=5000 K, respectively.?® Electrical resistivity and thermal
activation energy measured by Physical Property Measure-
ment System (Quantum Design Co.) in our PCCoO single-
crystal samples are shown in Fig. 1(a). Samples were grown
by the floating zone method and their uniformity was verified
by scanning electron microscopy. The actual chemical com-
position x was then determined using the inductively coupled
plasma method. The absence of impurity phases was con-
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FIG. 1. Doping dependence of electrical, structural, and mag-
netic properties of PCCoO. Missing error bars are smaller than
symbol size; lines are guide for the eyes. (a) Resistivity at the
highest measured temperature (closed symbols) and its activation
energy (open). (b) F4/mmm (LTO) lattice parameters refined at
room temperature by powder x ray. (c) Effective magnetic moment
Merr per formula unit obtained by one-component Curie-Weiss
analysis of the in-plane magnetic susceptibility x,,(7), 50 K=T
=300 K, which includes Pr3* contribution (left scale, closed sym-
bols). Open symbols are . per Co ion obtained from two-
component Curie-Weiss fit with fixed M§§f=3.58,u3; (d) correspond-
ing Weiss temperatures for Co (filled) and Pr (open). Nonzero
O ,,(Pr) is likely within the limits of the systematic error of such
analysis.

firmed by powder x-ray diffraction. Samples were further
characterized by measuring static magnetic susceptibility by
superconducting quantum interference device magnetometer.
Typical data are presented in the inset of Fig. 4(b). Weiss
temperature Oy, and Co effective magnetic moment resulting
from the Curie-Weiss analysis of its 7' dependence are shown
in Figs. 1(d) and 1(c).

For neutron-diffraction studies we used =20 mm long
¢=~6 mm cylindrical single-crystal pieces of m=2 g.
Mosaic of the fundamental Bragg reflections was =<0.5°,
which is consistent with the instrumental resolution and
shows high crystalline quality. Neutron experiments were
performed on 4G and 5G three-axis thermal-neutron spec-
trometers at the JRR-3 at JAEA, Tokai, Japan, with
40"'-40'-40'-40" beam collimation and BT9 spectrometer
at the NIST Center for Neutron Research, with beam colli-
mation =~40'-47'-44'-80" (open). Wave vector of the in-
cident and scattered neutrons was selected by the (002)
Bragg reflection from pyrolitic graphite (PG) and fixed at
k;=2.67 A. Contamination from higher order reflections
was suppressed by 1-2 in. thick PG transmission filters.
Sample was mounted in a closed-cycle He gas refrigerator
with a-b plane vertical and (k0[) reciprocal-lattice zone in
the horizontal scattering plane. We index wave vectors in the
F4/mmm lattice with the unit cell \2a X \2a X ¢ compared
to the [4/mmm high-temperature tetragonal lattice of cu-
prates with a=3.8 A. We assign low-temperature orthorom-
bic (LTO) index to the in-plane lattice parameters thus de-
fined, Fig. 1(b), since our samples are actually in the LTO
phase, but the orthorombic distortion is way too small to be
resolved in the present measurements.?
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FIG. 2. (Color online) (a) Elastic scans along (4,0,7) or
(h,0,6.6), showing charge and spin order peaks at Q,
=(2n=*¢.,0,l) and Q;=(2n= §,,0,1), respectively. Solid lines are
Lorentzian fits; broken lines trace €.=24,. Peak at (007) contains
superlattice Bragg intensity resulting from the LTO distortion but is
contaminated by lattice Bragg scattering of \/2 neutrons. (b)
Sketch of glassy charge-ordered state with a mixture of different
commensurate superlattice fragments accommodating the nominal
doping x=0.7; (c) antiferromagnetic correlations governed by
Co**—Co**—-+-—Co?* superexchange between Co>* spins (arrows)
developing in this CO state.

Typical low-temperature scans along h; 1o direction, re-
vealing superlattice scattering in several PCCoO samples are
shown in Fig. 2. Two sets of peaks whose position varies
roughly linearly with doping can be identified. Sharper and
more intense peaks at Q,=G = (&;,0,1), where G is the wave
vector of a fundamental lattice Bragg reflection, quickly dis-
appear upon heating to 7=40 K and decrease in intensity
with increasing Q, for different G, consistent with the square
of the Co?* magnetic form factor. Hence, we identify these
peaks as magnetic scattering arising from spin order. Their
position varies roughly linearly with the remaining Co?* con-
tent, &;(x) ~ (1-x). Weak diffuse peaks at Q=G = (¢,,0,1),
whose position varies roughly as €,(x) ~2(1—-x), are much
broader and in fact increase in intensity with increasing Q. in
different G zones, roughly ~Q?. We therefore identify them
as superstructural scattering arising from atomic displace-
ments accompanying short-range charge (valence) order.
These peaks remain unchanged both in width and intensity
upon heating to 7=300 K.

Strong peak at (1,0,7) is consistent with Bragg scattering
arising from the LTO lattice distortion. Its intensity grows
rather gradually below =300 K and then usually decreases
below T~ 100 K. Similar peak is present at /=6 and other
integer [. This type of reflections was observed by neutron
diffraction in the undoped La,C00,.2' As x— 0.5, €.(x) — 1,
and LTO Bragg scattering at h=1 overlaps with weak CO
peaks at G £ Q.. The latter, however, persist to much higher
temperature, T~700-800 K, and are much broader. The
lower scan in Fig. 2(a) for x=0.56 was performed at /=6.6
and has only weak peak at =1, while incommensurate CO
peaks are practically unchanged compared to /=7.

The [ dependence of CO scattering measured in our
samples shows no peaks due to interplane coherence
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FIG. 3. (Color online) Temperature dependence of magnetic SO
peak parameters in PCCoO. (a) Peak intensity cross normalized to
~30 s BT9 monitor count for equal sample mass; (b) in-plane cor-
relation length &, [inverse half-width at half maximum (HWHM)
of Lorentzian fit]; (c) peak position.

(g’c =0.2¢), but smooth intensity variation resembling that
reported for x=0.5 LSC00.?? This indicates that scattering
arises from similar distortions of CoOg octahedra associated
with charge-lattice small polarons. In x=0.39,0.46 PCCoO
and x=0.4 LSCoO samples, CO peak is at 2=1, indicating
finite region of stability of the CCO phase at x=0.5. The
in-plane peak width in these samples is similar to that in x
=0.5 LSCoO, corresponding to CCO correlation length §f’ of
three to five LTO lattice units. For x=0.5, where charge
correlations are incommensurate, CO peaks are at least twice
broader, corresponding to §]L’_S 10 A. Despite different toler-
ance factors and bandwidths compared to PCCoO, x=0.61
LSCoO sample shows very similar glassy CO and SO corre-
lations, which follow the same doping trend.

The picture of CO at x=0.5 arising from these observa-
tions is illustrated in Fig. 2(b). Polarons associated with Co**
sites, whose concentration is n,=1-x, build up patches
of commensurate superlattices corresponding to n,
=1/2,1/3,1/4, etc., where particular n, is locally favored by
La/Sr doping fluctuation. Their long-range coherence, how-
ever, is frustrated by the charge neutrality condition imposed
by the average Sr>* concentration x. Hence, glassy CO state
results, which is made of a mixture of ~1 nm sized domains
of commensurate polaron superlattices, accommodating the
average charge doping. Consequently, CO scattering has an
average incommensurability of €,(x)=2(1-x).

Magnetic SO scattering with roughly half the CO incom-
mensurability simply corresponds to the antiferromagnetic
order of Co®* spins [Fig. 2(c)]. Magnetic correlations are
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FIG. 4. (Color online) (a) Diagram of the propagation vector for
spin and charge superstructures in PCCoO and LSCoO. Filled
(open) symbols show the in-plane modulation vector for charge
(spin) order, 8,=¢€./2 and &, respectively. Inset (a)-(2) is the en-
larged Yamada-type (Ref. 2) plot showing the lattice commensura-
bility effect on the position of CO peaks at (26,,0,/). (b) Concen-
tration dependence of u. (filled symbols) and peak magnetic
neutron scattering intensity (open) in PCCoO. Inset (b)-(2) shows
Tx., for selected x’s. Missing error bars are smaller than symbol
size; lines are guide for the eyes.

apparently governed by Co?*—Co’*—---—Co?* superex-
change (note that ®y,>0 for all x [Fig. 1(d)]. They decrease
with increasing number of intervening Co*, but also extend
between the different CO superlattice domains, which ex-
plains why the in-plane SO correlation length §f’ is three to
four times larger than fﬁ’. This also explains the decrease with
x of the SO temperature seen in panel (a) of Fig. 3, which
shows the T dependence of the SO peak parameters. Typical
of a glassy spin freezing, SO peak intensity increases
smoothly with decreasing 7, while the correlation length §’:
[Fig. 3(b)] increases and seems to saturate roughly where the
intensity reaches half its maximum. The temperature depen-
dence of the SO peak position [Fig. 3(b)] also shows an
interesting trend, which can be simply understood in this
model. Indeed, as longer-periodic CO polaron superlattices
present in a given sample gradually develop spin correlations
with decreasing 7, the average magnetic modulation period
becomes longer and &,(7T) decreases. Similar to the CCO
case in x=0.5 LSCoO, CO is totally uncoupled from SO,
which simply follows the CO-induced superexchange
pattern.

The doping dependencies of the incommensurabilities of
charge and spin orders are summarized in Fig. 4(a). As men-
tioned before, for x=0.5 both roughly follow the ~1-x
trend although &,(x) is always somewhat larger than €.(x)/2,

180406-3



SAKIYAMA et al.

corresponding to shorter average SO modulation period. This
again is consistent with the picture where shorter-periodic
polaron superlattices have better developed spin correlations.
Detailed investigation of the CO peak position [Fig. 4(a)-(2)]
shows lattice commensurability effect on CO, indicating that
most observed CO peaks can be assigned to a mixture of two
nearest commensurate superlattices.%’

Finally, we comment on an apparent doping-induced Co
spin state change, which is manifested by a decrease of
Mesr(x) and in PCCoO occurs at x=0.56 [Fig. 1(c)]. Com-
parison of Figs. 4(a) and 4(b) suggests that other than de-
crease in the SO peak magnitude coincident with that of g
it does not have any significant effect on charge and spin
orderings.

In summary, we have discovered doping-dependent
charge and spin modulations in PCCoO and LSCoO, whose
periods vary roughly linearly with doping, §,~€./2~1-x,
existing for x>0.5. They border the checkerboard CO phase
at x=<0.5. In cobaltites CO occurs in a phase where electrons
are strongly localized and can therefore be understood as a
correlated polaron glass with nanoscale patches of commen-

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 78, 180406(R) (2008)

surate CO superlattices, whose long-range coherence is frus-
trated by the charge neutrality requirement. Antiferromag-
netic SO correlations between the nearest “undoped” Co**
sites develop at temperatures more than ten times smaller
than CO and do not affect it. Similar CO (but not SO) was
found in manganites, where it is driven by orbital degen-
eracy, Jahn-Teller, and double-exchange physics,'61? as well
as in cuprates and nickelates, where charge itinerancy is be-
lieved to be an important player. Having in many respects
quite similar appearance to CO and SO in cuprates, nick-
elates, and manganites, CO and SO in cobaltites allow to
disentangle effects of charge itinerancy and various interac-
tions. Here, they are mainly governed by the lattice electro-
statics and the superexchange.
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