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Commensurability effect on the charge ordering of Lg_,Sr,NiO,4
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Measurements of Hall coefficients, thermoelectric power, and optical conductivity spectra were done for
single crystals of La ,SrNiO, (x=0.27-0.50) 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
concentratiorp crosses 1/3, and that the correlation gap in the optical spectrup=dr3 is collapsed when
p is away from 1/3. These results indicate that the deviatiop fodbm 1/3 can be regarded as electron or hole
doping into the commensurate charge-ordered stape=dt/3.[S0163-18209)50732-7

Charge ordering is a generic phenomenon for the strongly All the samples studied in this work are single crystals
correlated electron system whose band filling deviates awagrown by a floating-zone method. Taking account of the
from integer value. In this state, doped carriers are localize®xygen of stoichiometry §) in the samples, we determined
and order periodicallfusually accompanied by spin order- the hole concentrationp=x+24) of each sample by the
ing) at low temperature. Recent studies on transition metalodometric analysis, and the determined valuep afre as
oxides have shown a variety of examples of charge orderinépllows: p(x)=0.289 (0.27), 0.301 (0.30, 0.332 (0.33,
for two-dimensional (2D) nickelates (with K,NiF,  0.353(0.36, 0.398(0.39, and 0.5020.50. The results thus
structure,"® 2D and 3D (perovskit¢ manganite$;® and indicate only a minor amount of .of stoichiometry in the
perovskite ferrate$ Among them, La_,SrNiO, is a proto- ~ 97OWN crystal. For the Hall-coefficient and thermoelectric-

typical example of charge ordering. In this compound,power measurements, we cut the samples into a rectangular

charge and spin ordering occurs over a wide hole_shape(typically 2X0.2x4 mm for the Hall measurement,

concentration(p) range (6<p=<0.5), and the wave vectors and 2<1x4 mm for _the thermoelec_trlc-power measure-
: . . mend, and made electrical contacts using gold paint cured at
of the charge ordering, e, *€), and spin ordering,

. Ny i ) . 800 °C. Measurements of in-plane Hall coefficients were car-
(3 = €/2,3 = €l2), vary continuously wittp, almost following  ried out by applying a magnetic fiel@ T) parallel to thec
the trend thate~p.'~* These results suggest a picture in axis (perpendicular to the NiQplane. We checked the lin-
which doped holes in this 2D nickelate line up along theearity of the Hall coefficient against the magnetic field at
diagonal direction of the Ni square lattice, and the period ofseveral temperatures, and found no anomalous part. We also
these “charge stripes” varies continuously in accordancemeasured the in-plane and out-of-plane thermoelectric power
with the hole concentrationlt should be noted that similar by applying a temperature gradient 6f0.2 K. Reflectivity
variations of the charge-stripes period with carrier concentrameasurements were carried out over a wide photon energy
tion are also observed in perovskite manganitasd that range between 0.01 and 6 eV and optical conductivity spec-
several theoretical studis'! can reproduce this phenom- tra were derived by the Kramers-Kronig transformation.
enon and the relation af=p. The wave vector of the charge and spin ordering was deter-
Concerning such charge ordering over a wide carriermined by neutron-scattering measurements, and details are
concentration range, it is an interesting issue whether thdescribed elsewhefe
commensurability effect exists for a specific carrier concen- Figure 1 shows the temperature dependence of the in-
tration. In fact, a previous stufyreported an anomaly &t plane Hall coefficientRy,) for x=0.27, 0.30, 0.33, 0.36, and
=1/3, where the resistivity jumps most clearly at the transi-0.39, together with the in-plane resistivity for the same
tion temperature of the charge ordering.{), compared with  samples in the inset. The resistivity for=0.33 in the inset
other hole concentrations. This suggests the importance dthe solid ling clearly shows anomaly at 230 K, which cor-
the commensurate vs incommensurate issue in the chargesponds to T., determined by neutron-scattering
and spin ordering of 2D nickelates. In this paper, we demmeasurements A similar anomaly is also observed for
onstrate thap=1/3 is a special hole concentration for this =0.36, but it is unclear for other compositions. These results
system and transport properties and electronic structures aage consistent with previous work on polycrystsiswe
critically affected by the deviation of the hole concentrationstress again that all these compounds-0.27—-0.39) un-
from this value. We propose a picture in which the commen-dergo charge-ordering transition, and the transition tempera-
surate charge-ordered state fior 1/3 is analogous to a Mott tures are between 200 and 230 K, as verified by neutron-
insulator, and the deviation fronp=1/3 (p>1/3 or p scattering measuremerits.
<1/3) can be regarded as hole or electron doping, respec- On the other hand, the Hall coefficieRf; shows charac-
tively, into such a Mott insulator. teristic behaviors depending on the hole concentratpnat
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for ig,js;— Negfirf;;ﬁsd\mﬁ;ie; ;i,oé.tgg, Ig_g;?%%g?gggeof_fg;nairection _forx< 1/3 and in the positive direction for>1/3,
Closed symbols correspond to the hole concentration less than 1f§r *?Oth 'n'plan,e, and OUt'Of'plan,e componer@shas the
whereas open symbols correspond to greater than 1/3. The insgfaximum or m,'n'mum at a Cer,ta'n temperature a”P' Com?s
shows the temperature dependence of the in-plane resistivity. ~ Pack to zero with further reducing temperature. This maxi-
mum or minimum seems to relate to the spin-ordering tem-
300 K (aboveT.,) has small positive values between 0.2 andperature, where the spin entrond thermoelectric power,
1x 102 cm’/C for all samples. These values correspond toas a resultis suppressed. Despite the existence of a maxi-
the order of one carrier per Ni sit&R(;=0.6x10"% cm®/C  mum or minimum inSwith temperature, which is missing in
in the simplest modél When temperatures are decreasedRy, and the difference of the sign abovg, betweerR,; and
below T,,, however,Ry decreases down to large negative S, overall p-dependent features and temperature dependence
values forx=0.27,30,33, whereas it increases up to largdook very similar in these two values. This indicates that the

positive values forx=0.36 and 0.39. We measurdr]; at

change of the sign apparently comes from the change of the

lower temperatures fox=0.33 and 0.30, and found that it character of the carriers, i.e., from electronlike to holelike

keeps on decreasing t6 100X 102 cm®/C (which corre-
sponds to less than 0.01 carriers per Ni )sifer both

carriers wherp crosses the 1/3 point.
As a summary of the Hall-coefficient and thermoelectric-

samples, though we cannot measure it further because ofower measurements, in Fig. 3 are plotted Bye (circles

poor S/N ratio.

The behavior of the Hall coefficient for 0.2%=<0.39 is
summarized in the following way(i) at T>T.,, Ry is a
small positive value(ii) at T<T,,, the absolute value d}
increases with decreasing temperature, @mg the sign of
Ry at T<T,, is negative forp<<1/3, whereas it is positive

and S (triangles values for the in-plane direction at 300 K
(>Teo, Open symbolsand 210 K KT,,, closed symbols
against the hole concentratign The values at 300 K are
almost independent gf for both Ry and S, indicating that
the electronic structure abovg, does not change very much
for the p range of 0.27 — 0.58 On the other hand, botRy,

for p>1/3. (i) and(ii) can be explained by a simple picture and S values at 210 K clearly show different signs fpr
in which the compound is metallic and has a large Fermi<1/3 (negative andp>1/3 (positive), and the absolute val-
surface abov@ ,, > whereas the charge gap opens up belowues are larger than those at 300 K. Therefore, the charge
T, and the number of carriers is reduced. Similar behaviorgrdering induces the change from the high-temperature phase
were observed in some charge-density-way€DW)  Wwith a large number of carriers to the low-temperature phase
systems® However, the systematic sign changeRp with with a small number of electronlikep&1/3) or holelike
hole concentratiop across 1/3 is unusual in the present sys-(p>1/3) carriers.
tem. For the charge-ordering state witl+ 1/3, there are three

A similar implication for the sign change of carriers is Ni sites in the unit cell. Thus, whem=1/3, there is one hole
also obtained by the measurement of thermoelectric p@ver per unit cell, and this state is a sort of half-filled state. Half-
as shown in Fig. 2. At room temperatuf®is of the order of filled states can be insulating by electron correlation, and in
~—5 uVIK for x=0.27-0.39, both within the planéup-  fact, the charge gafHubbard gap for p=1/3 was clearly
per panel and perpendicular to the plaflewer panel. Such ~ demonstrated by the previous optical measurerhiefite is
a small absolute value is typical of a metal. With decreasingxactly the same gs the system remains half-filled and the
temperature belovl.,, however,S shifts in the negative charge gap would not be changed against the deviatign of
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FIG. 3. Upper panel: Hole-concentratiqu) dependence of Hall electron. dpplng has a similar effect on the phange of optical
coefficient Ry, circles and thermoelectric powelS( triangles at COI’ldUCtI\{)Ity spe_ctr_a as dempnstrate_d In the . ca_lse of
300 K (>T,,, open symbolsand at 210 K €T, closed sym- cuprates? and this is also consistent Wlth the similarity of
bolg. Lower panel:p dependence of the wave vectar) (of the  the spectra between=0.30(electron dopingand 0.3%hole
charge ordering in La ,SrNiO, (closed circles and triangles are doping in the present compounds.
from Refs. 2 and 4, respectively It becomes clear so far that charge ordering in

La, ,Sr,NiO, tends to be commensurate={ 1/3), and the

from 1/3. However, if one carefully looks at thpee relation dev!at|on ofp from 1/3 can be regarded as eIecFron or hole
shown in the lower panel of Fig. 3, wheeewas determined 90Ping to the commensurate charge ordering withl/3. It
by the neutron-scattering measuremérfsone can see the S not self-evident why tends to be locked at such a specific
tendency ofe>p for p<1/3 and e<p for p>1/3. This Commensurate value gs=1/3, and not at 1/4 or 1/2. It
means thak is exactly 1/3 wherp is 1/3, but if p deviates should be nc_)tlced, however_, that the_ wave vector of_ the
from 1/3, € does not shift so much as to follow the change ofcharge ordering, £ €, % €), coincides with that of the spin
p but tends to stick to 1/3’ As a result, wherp is less than  ordering, ¢ = €/2,3 = €/2), only whene=1/3. This specific
1/3, the number of holes are deficient for filling up the condition, together with the electron-lattice coupling, may
Hubbard-split band and additional electrons are introduced ifurther stabilize the charge ordering.
the conductioriupper Hubbarband(as shown in the lower It is interesting to compare the 2D nickelates with other
panel of Fig. 3, and vice versa whep is greater than 1/3. compounds showing similar charge and spin ordering. One is
This model explains why the sign fdR, and S changes the 2D cuprates showing the so-called 1/8 anomaly. An
when x goes across 1/3. In other words, the deviatiorpof analogous charge and spin ordering to the 2D nickelate is
from 1/3 acts as electron or hole doping into the commensuebserved in the neutron-scattering measurement of the 2D
rate charge-ordered statemat 1/3. cuprates with 1/8 hole concentrati®hsuggesting that the
Such a model is also supported by the study of the elecstripe formation is relevant to the 1/8 anomaly. There are
tronic structures. Figure 4 shows the optical conductivityseveral measurementsRf; andSfor these compounds. In a
spectra at 10 K fox=0.30, 0.33, and 0.39. For=0.33, single crystal of La,dNd, 4Sto 1.Cu0,,? for example, both
there is a clear shoulder at 0.5 €shown by the arrojvand Ry and S show positive values above the transition tempera-
a gap feature below 0.25 eV, which were reportedture for the charge ordering, whereas it decreases down to
previously®® For x=0.30 and 0.39, however, the shoulder the negative values below the transition temperature. This
becomes unclear and the intensity in the lower-energy regioseems parallel to the present case of the 2D nickelates for
(<0.3 eV) increases compared witk=0.33. These results p<1/3. However, the hole-concentration dependences of
clearly demonstrate the anomaly in the electronic structure dor Lay ¢ Nd, ,Sr,Cu0,, % does show a simple sign change
p=1/3. The change of the spectra associated with the deviacrossx=1/8, which might be due to another structural
tion of p from 1/3 is similar to the case of doped Mott insu- phase transition occurring in the 2D cuprates. Another ex-
lators. InR;_,Ca,TiO3,'® for example, the gap structure ex- ample is perovskite manganites and their 2D analogs. In
isting in the undoped compound collapses and the in-gapa;_,CaMnO;, for example, charge ordering occurs for
state evolves with doping. In this analogy, the 0.5 eV shoul=>0.5, accompanied by the ordering«q}]‘orbitals.7 Because
der for x=1/3 corresponds to the excitation between theof this orbital ordering, the position of the superlattice peak
Hubbard-split band of the commensurate charge orderindg,e,0) is given by e=3(1—Xx) in the pseudocubic settirg.
but such a feature collapses with the deviatiomp&fom 1/3  In other words, the period of this ordering is governed by the
in either direction. It should be noted that hole doping andnumber ofe, electrons &1—x). However, charge and or-
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bital ordering also occurs in Pr,CaMnO; even for 0.3 for 1/3 is collapsed whep is away from 1/3. These results
=x=<0.5, bute is fixed to the commensurate value fr indicate that the deviation of hole concentration from 1/3,
= 0.5 (e=1/4)." This might suggest that 1/2 is special for the gych app< 1/3 orp>1/3, can be regarded as electron or hole

manganites just as 1/3 is for the 2D nickelates. doping into the commensurate charge-ordered statp at
In summary, we have found that the character of the car-

riers in the charge-ordering phase of ,LaStNiO, is =1/3, which is analogous to the doping into a Mott insulator.
changed from electronlike to holelike acrops-1/3. We This work was supported by a Grant-In-Aid for Scientific
have also found that the correlation gap between thé&esearch from Ministry of Education, Science, and Culture,
Hubbard-split bands of the commensurate charge orderingapan, and by NEDO.
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