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Commensurability effect on the charge ordering of La22xSrxNiO4
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Measurements of Hall coefficients, thermoelectric power, and optical conductivity spectra were done for
single crystals of La22xSrxNiO4 (x50.2720.50) showing prototypical charge ordering. We found that the
character of the carriers in the charge-ordered state changes from electronlike to holelike when the hole
concentrationp crosses 1/3, and that the correlation gap in the optical spectrum forp51/3 is collapsed when
p is away from 1/3. These results indicate that the deviation ofp from 1/3 can be regarded as electron or hole
doping into the commensurate charge-ordered state atp51/3. @S0163-1829~99!50732-7#
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Charge ordering is a generic phenomenon for the stron
correlated electron system whose band filling deviates a
from integer value. In this state, doped carriers are locali
and order periodically~usually accompanied by spin orde
ing! at low temperature. Recent studies on transition m
oxides have shown a variety of examples of charge orde
for two-dimensional ~2D! nickelates ~with K2NiF4

structure!,1–5 2D and 3D ~perovskite! manganites,6–8 and
perovskite ferrates.9 Among them, La22xSrxNiO4 is a proto-
typical example of charge ordering. In this compoun
charge and spin ordering occurs over a wide ho
concentration~p! range (0,p<0.5), and the wave vector
of the charge ordering, (6e,6e), and spin ordering,

( 1
2 6e/2,1

2 6e/2), vary continuously withp, almost following
the trend thate;p.1–4 These results suggest a picture
which doped holes in this 2D nickelate line up along t
diagonal direction of the Ni square lattice, and the period
these ‘‘charge stripes’’ varies continuously in accordan
with the hole concentration.5 It should be noted that simila
variations of the charge-stripes period with carrier concen
tion are also observed in perovskite manganites,7 and that
several theoretical studies10,11 can reproduce this phenom
enon and the relation ofe5p.

Concerning such charge ordering over a wide carr
concentration range, it is an interesting issue whether
commensurability effect exists for a specific carrier conc
tration. In fact, a previous study12 reported an anomaly atp
51/3, where the resistivity jumps most clearly at the tran
tion temperature of the charge ordering (Tco), compared with
other hole concentrations. This suggests the importanc
the commensurate vs incommensurate issue in the ch
and spin ordering of 2D nickelates. In this paper, we de
onstrate thatp51/3 is a special hole concentration for th
system and transport properties and electronic structures
critically affected by the deviation of the hole concentrati
from this value. We propose a picture in which the comm
surate charge-ordered state forp51/3 is analogous to a Mot
insulator, and the deviation fromp51/3 (p.1/3 or p
,1/3) can be regarded as hole or electron doping, res
tively, into such a Mott insulator.
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All the samples studied in this work are single crysta
grown by a floating-zone method. Taking account of t
oxygen of stoichiometry (d) in the samples, we determine
the hole concentration (p5x12d) of each sample by the
iodometric analysis, and the determined values ofp are as
follows: p(x)50.289 ~0.27!, 0.301 ~0.30!, 0.332 ~0.33!,
0.353~0.36!, 0.398~0.39!, and 0.502~0.50!. The results thus
indicate only a minor amount of of stoichiometry in th
grown crystal. For the Hall-coefficient and thermoelectr
power measurements, we cut the samples into a rectang
shape~typically 230.234 mm for the Hall measuremen
and 23134 mm for the thermoelectric-power measur
ment!, and made electrical contacts using gold paint cured
800 °C. Measurements of in-plane Hall coefficients were c
ried out by applying a magnetic field~7 T! parallel to thec
axis ~perpendicular to the NiO2 plane!. We checked the lin-
earity of the Hall coefficient against the magnetic field
several temperatures, and found no anomalous part. We
measured the in-plane and out-of-plane thermoelectric po
by applying a temperature gradient of;0.2 K. Reflectivity
measurements were carried out over a wide photon en
range between 0.01 and 6 eV and optical conductivity sp
tra were derived by the Kramers-Kronig transformation13

The wave vector of the charge and spin ordering was de
mined by neutron-scattering measurements, and details
described elsewhere.2,14

Figure 1 shows the temperature dependence of the
plane Hall coefficient (RH) for x50.27, 0.30, 0.33, 0.36, an
0.39, together with the in-plane resistivity for the sam
samples in the inset. The resistivity forx50.33 in the inset
~the solid line! clearly shows anomaly at 230 K, which co
responds to Tco determined by neutron-scatterin
measurements.2 A similar anomaly is also observed forx
50.36, but it is unclear for other compositions. These res
are consistent with previous work on polycrystals.12 We
stress again that all these compounds (x50.27– 0.39) un-
dergo charge-ordering transition, and the transition temp
tures are between 200 and 230 K, as verified by neutr
scattering measurements.2

On the other hand, the Hall coefficientRH shows charac-
teristic behaviors depending on the hole concentration.RH at
R5097 ©1999 The American Physical Society
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300 K ~aboveTco) has small positive values between 0.2 a
131023 cm3/C for all samples. These values correspond
the order of one carrier per Ni site (RH50.631023 cm3/C
in the simplest model!. When temperatures are decreas
below Tco, however,RH decreases down to large negati
values forx50.27,30,33, whereas it increases up to la
positive values forx50.36 and 0.39. We measuredRH at
lower temperatures forx50.33 and 0.30, and found that
keeps on decreasing to210031023 cm3/C ~which corre-
sponds to less than 0.01 carriers per Ni site! for both
samples, though we cannot measure it further because
poor S/N ratio.

The behavior of the Hall coefficient for 0.27<x<0.39 is
summarized in the following way:~i! at T.Tco, RH is a
small positive value,~ii ! at T,Tco, the absolute value ofRH
increases with decreasing temperature, and~iii ! the sign of
RH at T,Tco is negative forp,1/3, whereas it is positive
for p.1/3. ~i! and ~ii ! can be explained by a simple pictu
in which the compound is metallic and has a large Fe
surface aboveTco,15 whereas the charge gap opens up bel
Tco and the number of carriers is reduced. Similar behav
were observed in some charge-density-wave~CDW!
systems.16 However, the systematic sign change inRH with
hole concentrationp across 1/3 is unusual in the present s
tem.

A similar implication for the sign change of carriers
also obtained by the measurement of thermoelectric poweS,
as shown in Fig. 2. At room temperature,S is of the order of
;25 mV/K for x50.2720.39, both within the plane~up-
per panel! and perpendicular to the plane~lower panel!. Such
a small absolute value is typical of a metal. With decreas
temperature belowTco, however,S shifts in the negative

FIG. 1. Temperature dependence of the in-plane Hall coeffic
for La22xSrxNiO4 crystals withx50.27, 0.30, 0.33, 0.36, and 0.39
Closed symbols correspond to the hole concentration less than
whereas open symbols correspond to greater than 1/3. The
shows the temperature dependence of the in-plane resistivity.
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direction forx,1/3 and in the positive direction forx.1/3,
for both in-plane and out-of-plane components.S has the
maximum or minimum at a certain temperature and com
back to zero with further reducing temperature. This ma
mum or minimum seems to relate to the spin-ordering te
perature, where the spin entropy~and thermoelectric power
as a result! is suppressed. Despite the existence of a ma
mum or minimum inSwith temperature, which is missing in
RH , and the difference of the sign aboveTco betweenRH and
S, overall p-dependent features and temperature depende
look very similar in these two values. This indicates that t
change of the sign apparently comes from the change of
character of the carriers, i.e., from electronlike to holeli
carriers whenp crosses the 1/3 point.

As a summary of the Hall-coefficient and thermoelectr
power measurements, in Fig. 3 are plotted theRH ~circles!
and S ~triangles! values for the in-plane direction at 300
(.Tco, open symbols! and 210 K (,Tco, closed symbols!
against the hole concentrationp. The values at 300 K are
almost independent ofp for both RH and S, indicating that
the electronic structure aboveTco does not change very muc
for thep range of 0.27 – 0.50.17 On the other hand, bothRH
and S values at 210 K clearly show different signs forp
,1/3 ~negative! andp.1/3 ~positive!, and the absolute val
ues are larger than those at 300 K. Therefore, the cha
ordering induces the change from the high-temperature ph
with a large number of carriers to the low-temperature ph
with a small number of electronlike (p,1/3) or holelike
(p.1/3) carriers.

For the charge-ordering state withe51/3, there are three
Ni sites in the unit cell. Thus, whenp51/3, there is one hole
per unit cell, and this state is a sort of half-filled state. Ha
filled states can be insulating by electron correlation, and
fact, the charge gap~Hubbard gap! for p51/3 was clearly
demonstrated by the previous optical measurement.13 If e is
exactly the same asp, the system remains half-filled and th
charge gap would not be changed against the deviationp

nt

/3
set

FIG. 2. Temperature dependence of the in-plane~upper panel!
and out-of-plane ~lower panel! thermoelectric power for
La22xSrxNiO4 crystals withx50.27, 0.33, 0.36, and 0.39.
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from 1/3. However, if one carefully looks at thep-e relation
shown in the lower panel of Fig. 3, wheree was determined
by the neutron-scattering measurements,2,14 one can see the
tendency ofe.p for p,1/3 and e,p for p.1/3. This
means thate is exactly 1/3 whenp is 1/3, but if p deviates
from 1/3, e does not shift so much as to follow the change
p but tends to stick to 1/3.19 As a result, whenp is less than
1/3, the number of holes are deficient for filling up th
Hubbard-split band and additional electrons are introduce
the conduction~upper Hubbard! band~as shown in the lower
panel of Fig. 3!, and vice versa whenp is greater than 1/3
This model explains why the sign forRH and S changes
when x goes across 1/3. In other words, the deviation op
from 1/3 acts as electron or hole doping into the commen
rate charge-ordered state atp51/3.

Such a model is also supported by the study of the e
tronic structures. Figure 4 shows the optical conductiv
spectra at 10 K forx50.30, 0.33, and 0.39. Forx50.33,
there is a clear shoulder at 0.5 eV~shown by the arrow! and
a gap feature below 0.25 eV, which were report
previously.13 For x50.30 and 0.39, however, the should
becomes unclear and the intensity in the lower-energy reg
(,0.3 eV! increases compared withx50.33. These results
clearly demonstrate the anomaly in the electronic structur
p51/3. The change of the spectra associated with the de
tion of p from 1/3 is similar to the case of doped Mott ins
lators. InR12xCaxTiO3,18 for example, the gap structure ex
isting in the undoped compound collapses and the in-
state evolves with doping. In this analogy, the 0.5 eV sho
der for x51/3 corresponds to the excitation between
Hubbard-split band of the commensurate charge order
but such a feature collapses with the deviation ofp from 1/3
in either direction. It should be noted that hole doping a

FIG. 3. Upper panel: Hole-concentration~p! dependence of Hal
coefficient (RH , circles! and thermoelectric power (S, triangles! at
300 K (.Tco, open symbols! and at 210 K (,Tco, closed sym-
bols!. Lower panel:p dependence of the wave vector (e) of the
charge ordering in La22xSrxNiO4 ~closed circles and triangles ar
from Refs. 2 and 4, respectively!.
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electron doping has a similar effect on the change of opt
conductivity spectra as demonstrated in the case
cuprates,20 and this is also consistent with the similarity o
the spectra betweenx50.30~electron doping! and 0.39~hole
doping! in the present compounds.

It becomes clear so far that charge ordering
La22xSrxNiO4 tends to be commensurate (e51/3), and the
deviation ofp from 1/3 can be regarded as electron or ho
doping to the commensurate charge ordering withe51/3. It
is not self-evident whye tends to be locked at such a speci
commensurate value asp51/3, and not at 1/4 or 1/2. I
should be noticed, however, that the wave vector of
charge ordering, (6e,6e), coincides with that of the spin

ordering, (12 6e/2,1
2 6e/2), only whene51/3. This specific

condition, together with the electron-lattice coupling, m
further stabilize the charge ordering.

It is interesting to compare the 2D nickelates with oth
compounds showing similar charge and spin ordering. On
the 2D cuprates showing the so-called 1/8 anomaly.
analogous charge and spin ordering to the 2D nickelat
observed in the neutron-scattering measurement of the
cuprates with 1/8 hole concentration,21 suggesting that the
stripe formation is relevant to the 1/8 anomaly. There
several measurements ofRH andS for these compounds. In a
single crystal of La1.48Nd0.4Sr0.12CuO4,22 for example, both
RH andSshow positive values above the transition tempe
ture for the charge ordering, whereas it decreases dow
the negative values below the transition temperature. T
seems parallel to the present case of the 2D nickelates
p,1/3. However, the hole-concentration dependence oS
for La1.62xNd0.4SrxCuO4,23 does show a simple sign chang
acrossx51/8, which might be due to another structur
phase transition occurring in the 2D cuprates. Another
ample is perovskite manganites and their 2D analogs
La12xCaxMnO3, for example, charge ordering occurs forx
.0.5, accompanied by the ordering ofeg orbitals.7 Because
of this orbital ordering, the position of the superlattice pe
~e,e,0! is given bye5 1

2 (12x) in the pseudocubic setting.7

In other words, the period of this ordering is governed by
number ofeg electrons (512x). However, charge and or

FIG. 4. Optical conductivity spectra at 10 K forx50.30~dotted
line!, 0.33 ~solid line!, and 0.39~dashed line!.
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bital ordering also occurs in Pr12xCaxMnO3 even for 0.3
<x<0.5, but e is fixed to the commensurate value forx
50.5 (e51/4).8 This might suggest that 1/2 is special for th
manganites just as 1/3 is for the 2D nickelates.

In summary, we have found that the character of the c
riers in the charge-ordering phase of La22xSrxNiO4 is
changed from electronlike to holelike acrossp51/3. We
have also found that the correlation gap between
Hubbard-split bands of the commensurate charge orde
t
,

t.

.

d

r-

e
g

for 1/3 is collapsed whenp is away from 1/3. These results
indicate that the deviation of hole concentration from 1/
such asp,1/3 orp.1/3, can be regarded as electron or ho
doping into the commensurate charge-ordered state ap
51/3, which is analogous to the doping into a Mott insulato
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