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In this paper we report studies of the charge stripe ordering using high resolution x-ray scattering in the
nickelate system La2−xSrxNiO4 with doping levels ofx=0.33,x=0.30, andx=0.275. The charge stripes for all
doping levels were found to be two dimensional in nature with a high degree of correlation in thea-b plane.
The in-plane inverse correlation length in the lower doped systems was greater than that in thex=0.33 system
and is greatest forx=0.275, consistent with the stripes becoming less correlated as the doping level is de-
creased fromx=0.33. However, the charge ordering in thex=0.33 system was observed to be more two
dimensional in nature with a greater inverse correlation length between planes. The interaction between the
lattice and charge order was observed to stabilize the charge ordering, even in the absence of spin ordering. In
thex=0.30 andx=0.275 systems no long-range charge order could exist without the presence of the magnetic
order. In both systems the charge stripes were incommensurate and on heating the incommensurability in-
creased towards the stable«=0.33 value as the stripes gained thermal energy to overcome the Coulombic
repulsion. In all these systems the integrated intensity of the stripe reflections showed a clear difference in
behavior from previous neutron studies with an initial increase in the integrated intensity as the temperature
was increased, which was not found in the neutron studies.
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I. INTRODUCTION

The nickelates have attracted great interest after the dis-
covery of a possible relationship between charge stripe or-
dering and high temperature superconductivity in the isos-
tructural cuprate system.1 La2−xSrxNiO4, which is
isostructural with La2−xSrxCuO4, shows charge stripe order-
ing at low temperatures, and has been chosen as a candidate
for the study of the relationship between charge ordering and
superconductivity. The parent compounds La2NiO4 and
La2CuO4 are both antiferromagnetic Mott insulators with the
layered perovskite K2NiF4 structure. By substituting stron-
tium for lanthanum holes are doped into the system, and this
changes the properties of both systems from insulating to
metallic behavior. However, the critical hole concentrations
are considerably different between the two systems. The cu-
prate system displays weak, diffuse charge stripes, whereas
the nickelate system displays strong well correlated charge
stripes. In the nickelates, metallic behavior does not occur
until approximatelyx=1 (Ref. 2) and at no doping level does
the material display superconductivity, whereas
La2−xSrxCuO4 becomes metallic and displays superconduc-
tivity for x as small as 0.05. The nickelates are a model stripe
system and any understanding may be useful to explore the

relationship between charge stripes and high temperature su-
perconductivity.

The holes doped into the lattice are mobile and drastically
change the properties of the La2−xSrxNiO4 system. Below the
charge ordering temperature,TCO, the holes segregate to
form stripes and belowTN the spins order in the region be-
tween the charge stripes. The spacing between the stripes is
dependant on the hole concentrationnh. The hole rich stripes
act asp domain walls for the local antiferromagnetic order,
existing in the hole deficient regions with nickel moments
parallel to the stripe propagation direction. Such charge and
spin stripes form within thea-b plane of the material, and are
found to be two dimensional in nature. For comparison with
previous data we will index the nickelate system with the
F4/mmmunit cell as opposed to the tetragonalI4/mmmunit
cell. A schematic of the charge and spin stripes in thea-b
plane in theF4/mmmsetting is shown in Fig. 1. The charge
and spin stripes have been confirmed in a wide variety of Sr
concentrations fromx=0.135 to 0.50,3–6 in stark contrast
with the previously accepted idea that ordering is restricted
to commensurate values.7 The wave vectors for the charge
and spin stripes areQCO=s2« ,0 ,1d and QSO=s1±« ,0 ,0d,
respectively.
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Thex=0.33 composition was thought to be a special case
due to the charge and spin stripes being coincident in recip-
rocal space. Figure 2 shows the position of the charge and
spin stripes from the neutron scattering studies by Lee and
Cheong8 and is similar to Fig. 1(d) from Yoshizawaet al.9

They reported charge and spin ordering temperatures of
TCO=239 K andTSO=190 K, respectively, with the correla-
tion lengths of the charge stripes within the plane being ap-
proximately 3 times that of the spin stripes, leading them to
the conclusion that the charge correlations drive the spin or-
dering. More recent neutron scattering studies over the dop-

ing region 0.289,x,0.5 (Ref. 9) have shown that the
charge and spin stripe ordering temperatures maximize for
x=0.33 and the incommensurability was found to “lock into”
a value of «=0.33. Away from this doping level in both
directions of the stoichiometry suppression of the transition
temperature is observed and the stripes become increasingly
incommensurate. From this it was concluded that in thenh
=0.33 system, the strong electron-lattice coupling helps to
stabilize the stripe ordering because of their coincidence in
reciprocal space.

Our previous studies on thex=0.33 system10–12 using
high resolution x-ray scattering have shown the stripes to be
two dimensional, quenched, and disordered at low tempera-
tures and we observed aTCO of 240 K. Initially the charge
ordering intensity increases when the temperature is in-
creased from a base temperature of 10 K, which differed
greatly from the previous neutron results. Also reported was
the presence of critical scattering charge fluctuations above
TCO, which could not be observed with neutrons but could be
observed with x-rays due to the high flux available from
synchrotron sources.

In this paper we report on measurements of thex=0.33,
x=0.30, andx=0.275 doped systems using high resolution
x-ray scattering. These doping levels are being studied in
order to gain a greater understanding of the relationship be-
tween the charge ordering and the hole doping level. Syn-
chrotron x-rays measurements have advantages over neutron
measurements due to the high flux and high wave vector
resolution. In this paper we present the variation of the in-
verse correlation length, integrated intensity, and commensu-
rability with temperature in each of the three samples.

II. EXPERIMENTAL DETAILS

High quality single crystal samples of La2−xSrxNiO4 with
x=0.30 andx=0.275 were grown using the floating zone
method at Oxford University.13 The x=0.33 sample was
grown at Bell laboratories. The crystal structure was found to
be tetragonal withI4/mmmsymmetry at room temperature,
but for comparison with previous work the samples were
indexed with theF4/mmmsetting with lattice parametersa
=b.5.4145 Å andc=12.715 Å. The samples were of good
quality with a mosaic width of,0.05°, ,0.059°, and
,0.02° for thex=0.33, x=0.30, andx=0.275 samples, re-
spectively. The x-ray scattering experiments were carried out
on the XMaS CRG beam line BM28(Ref. 14) at the ESRF,
Grenoble, France. Measurements were carried out at a wave-
length of 1 Å, which is close to the peak flux of the beam
line and to increase the wave vector resolution a Ge(111)
analyzer was used.

III. RESULTS

A. x=0.33

The sample was cooled to a base temperature of 10 K and
a search was carried out for charge order satellites. These
were located at modulations of(0.67,0,1) around the Bragg
peaks with the strongest reflections occurring around the
(4,0,4) Bragg reflection. This wave vector corresponds to a

FIG. 1. (Color online) A schematic representation of the charge
and spin stripes in La1.67Sr0.33NiO4. Ni3+ ions are shown as filled
circles and the Ni2+ ions are represented as open circles with the
associated spin vector. The spins are believed to be canted away
from the stripe direction. The dotted lines show the spin and charge
supercells, respectively, and the shading shows the charge density
distribution.

FIG. 2. (Color online) A schematic representation of how the
spin (circles) and charge order(triangles) positions vary with dop-
ing. The large circle marks the doping level where the charge and
spin ordering coincide at the same point in space and this corre-
sponds to the 0.33 doping level. This is similar to Fig. 1(d) from
Ref. 9.

GHAZI et al. PHYSICAL REVIEW B 70, 144507(2004)

144507-2



commensurability value of«=0.337, which is virtually com-
mensurate with the lattice, i.e., a charge stripe occurs every
three unit cells. A comparison with the Bragg reflections
showed the charge stripe satellites to be substantially broader
than the structural peaks, indicating that the charge stripes
are far less correlated than the lattice.

Figure 3 shows the width of the(4,2,4) Bragg peak and
the (4.66,0,5) charge order reflection as a function of tem-
perature in theQZ direction whereQZ is the reciprocal space
direction normal to the scattering vector. The Bragg peak
clearly shows no variation in width as a function of tempera-
ture, indicating that the structure shows no change in corre-
lation. However, the width of the charge order changes as a
function of temperature with a large broadening beginning at
200 K and continuing until it disappears at 240 K.

The (4.66,0,5) peak was the strongest charge order reflec-
tion and it was this that was measured. Scans were carried
out in the three principle reciprocal space directions(H, K,
and L) on the (4.66,0,5) charge order reflection. Figure 4
shows the fits to the experimental data. The charge order
peak displayed a Gaussian line shape in theH direction and
Lorentzian squared line shape in theK andL directions. The
width of the charge order in theH and K directions was
approximately equal, but the charge order peak was signifi-
cantly broader in theL direction. The charge order was cor-
related over approximately 30 unit cells in theH andK di-
rections but only 2 unit cells in theL direction—clearly
demonstrating the two dimensional nature of the charge or-
der. The temperature dependence of the integrated intensity,
inverse correlation length, and commensurability of the
(4.66,0,5) charge order reflection was measured as a function
of temperature with scans being carried out in theH, K, and
L directions at each temperature interval. The inverse corre-
lation lengthj−1 was calculated using the equation

jd
−1 =

2p

d
w, s1d

wherew is the half width at half maximum of the reflection
andd is the lattice constant parallel to the scattering vector.

The results for the integrated intensity, inverse correlation
length, and commensurability are shown in Fig. 5. The in-
tensity was normalized with the monitor to account for the
decrease in the beam current with time. The intensity of the
(4,0,4) Bragg peak was checked at regular temperature inter-
vals to ensure there was no change in the intensity with tem-
perature. The intensity of the Bragg peak showed no change
with temperature and, hence, the behavior of the integrated
intensity is valid and not due to experimental artifacts such
as beam and sample movement. On heating from base tem-
perature the integrated intensity was observed to gradually
increase until 200 K. Upon further heating the intensity fell
sharply and above 240 K only critical scattering fluctuations
were observed. Earlier work on this sample by Duet al.10

showed that the charge ordering transition was second order
in nature and details of the charge ordering transition are
dealt with in that paper. The transition temperature of 239 K
is in agreement with the neutron measurements by Lee and
Cheong8 who calculated a charge ordering temperature of
240 K. However, there is a considerable difference in the
behavior of the integrated intensity in our results and those
reported in the neutron study. The neutron results showed a
gradual decrease in intensity on heating from base tempera-
ture with an increase in the gradient occurring at the spin
ordering temperature of 190 K. In the x-ray measurements
we saw a gradual increase with a maximum in intensity at
approximately 200 K before a sharp decrease occurs. This

FIG. 3. (Color online) Temperature dependence of the width in
QZ of the(4,2,4) Bragg peak and the(4.66,0,5) charge order peak as
a function of temperature.

FIG. 4. Scans of the(4.66,0,5) charge ordering reflection along
the H, K, andL directions. The solid lines show the fits with theH
direction fitted to a Gaussian lineshape and theK andL directions
displaying a Lorentzian squared line shape at 20 K.
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seems to indicate that there is an increase in the contrast
between the charge stripes and, hence, an increase in the
integrated intensity. The behavior of the integrated intensity
will be discussed later in the paper in conjunction with the
results for the 0.30 and 0.275 samples.

As the intensity increases it can be clearly seen that the
wave vector is decreasing concurrently. The commensurabil-
ity is not exactly equal to the«=1/3 value shown by the
straight line in the bottom panel of Fig. 5, and is slightly
incommensurate with«=0.337 at a base temperature of
20 K. As the temperature is increased it gradually moves
towards«=1/3,which is exactly commensurate with the lat-
tice. This is consistent with the charge stripes gaining ther-
mal energy, enabling them to move towards the commensu-
rate position of«=1/3. When thecommensurability reaches
this value it locks into«=1/3, which is commensurate with
the lattice and indicated on the graph by the dotted line. The
inverse correlation length remained constant in the tempera-
ture range 10–160 K. However, at 160 K it began to de-
crease, indicating that the charge stripes were becoming
more correlated. One possible reason for this behavior is that
by locking into the commensurate value of«=1/3 thecharge
order pattern is stabilized due to the coupling between the
charge order and the lattice.

Above the magnetic ordering temperature of 190 K there
is no further increase in intensity and it levels off and re-

mains approximately constant until 220 K. At 220 K the in-
tegrated intensity begins to fall sharply and at the same tem-
perature the inverse correlation length begins to increase
along with a shift in the commensurability away from the
commensurate 1/3 value. The neutron studies in the lower
doped samples have shown that the spin order stabilizes the
charge order pattern and aboveTN there is an increase in the
inverse correlation length as the charge order becomes less
stable. However, in thex=0.33 system the interaction be-
tween the charge order and the lattice the “commensurability
effect” stabilizes the charge order pattern even in the absence
of spin order as evidenced by a negligible change in the
intensity and inverse correlation length between 190 and
220 K. At 220 K the holes have acquired enough thermal
energy to break away from the charge stripes and the charge
ordered state begins to melt. As mentioned in the earlier
paper by Duet al.,10 the charge ordering transition was de-
termined to be 240 K with critical scattering fluctuations still
existing above this temperature. The integrated intensity and
inverse correlation length in theK andL directions behave in
the same way as those properties in theH direction but they
show no change in position beyond that due to thermal ex-
pansion. Throughout the charge ordered regime the charge
ordering maintains its two-dimensional nature, with theL
inverse correlation length being significantly larger than
those in theH andK directions.

Finally, we discuss the behavior of the charge ordering
close to the charge ordering temperatureTCO. The intensity
of the charge order nearTCO includes a contribution from the
critical scattering which is at a maximum atTCO. Above
240 K only very weak charge scattering exists and this is
caused by critical scattering due to dynamical spatial fluctua-
tions in the charge stripe phase. In the earlier paper by Duet
al., this component was not subtracted and, hence, the inten-
sity close to the transition temperature was overestimated.
The critical scattering can be distinguished from the long
range charge order by its different peak shape and width. The
critical scattering component was subtracted and the result-
ing intensity profile was fitted to the power law equation:

sId ~ STCO − T

TCO
D2b

. s2d

The fitted parameters extracted from this fitting process
on the intensity profile shown in Fig. 6 areTCO
=239.0±0.2 K and 2b=0.21±0.02, which are similar to
those obtained in the earlier results.

The measured exponent of 2b clearly demonstrates that
below TCO the charge stripes in the 1/3 doped nickelate fall
in the two dimensional class as tabulated in Collins15 and this
is reinforced by the measurements of the inverse correlation
length. The calculated charge ordering temperature agrees
with the previous neutron results and with the susceptibility
and resistivity results. The critical scattering was observed
up to 260 K. Throughout this range the measurements of the
charge ordering showed that it retained its two-dimensional
nature. The curve of the inverse correlation length between
240 and 260 K was fitted with a power law equation to de-
termine the exponentn of the inverse correlation length of
the charge ordered satellite. The power law equation is

FIG. 5. Integrated intensity, inverse correlation length, and in-
commensurability of the(4.66,0,5) charge order peak in theH di-
rection in thex=1/3 doped sample. The straight line in the bottom
panel shows the 1/3 position. Unless shown the error bars are
smaller than the symbol size and were obtained from the errors on
the fits at each temperature.
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j−1sTd ~ ST − TCO

TCO
Dn

. s3d

Fitting the data as in Fig. 7 gave the exponent asn
=1.08±0.20.

This is in excellent agreement with the predicted value of
1 expected for a two-dimensional system. The relatively
large range of the critical scattering allowed the exponent to
be determined accurately. The critical measurements of the
inverse correlation length and intensity demonstrate that the
charge stripes in the nickelate system show the behavior ex-
pected of a two-dimensional system.

To summarize, we found that the charge ordering within
the 0.33 system to be intense and well correlated. The com-
mensurability was initially 0.337 and on heating moved to-
wards the commensurate position with it locking in at 160 K
with an associated decrease in the inverse correlation length
of the charge order pattern—“the commensurability effect.”
This is strong and stabilizes the charge stripe pattern even in
the absence of the spin ordering above 190 K. The intensity
decreases sharply above 220 K and above 240 K only criti-
cal scattering is present. Fitting the data near the charge or-
dering temperature showed the transition to be second order
in nature.

B. x=0.30 and 0.275

Previously neutron scattering studies had been carried out
on thex=0.275 system by Leeet al.,16 but no corresponding
x-ray studies had been carried out to date. This study reports
the first x-ray measurements carried out on these composi-
tions.

The samples were cooled to a base temperature of 10 K in
a displex cryostat and a search was carried out around the
s4,0,−4d Bragg peak in thex=0.30 sample and around the
(4,0,4) Bragg peak in thex=0.275 sample. Superlattice re-
flections were located around the Bragg peaks consistent
with the modulation wave vectors2« ,0 ,1d. At 10 K «
=0.317 in thex=0.30 sample and«=0.295 in thex=0.275
doped sample. Superlattice reflections were measured as a
function of temperature along the three principal directions
in reciprocal space in triple axis geometry and data in all
three directions was found to fit to a Lorentzian squared line
shape. Scans were carried out on the(4,0,4) and s4,0,−4d
Bragg peaks in theH, K, andL directions. In all directions
the superlattice peaks were significantly broader than the
Bragg peaks.

The charge ordering satellites3.36,0,−3d was measured
in the x=0.30 sample and the(4.59,0,5) reflection in thex
=0.275 doped sample. The charge stripes in both samples
were two dimensional in nature, as in thex=0.33 sample,
with the charge stripes well correlated in-plane, i.e., along
the H andK directions and less well correlated along theL
direction. It should be noted that the inverse correlation
length in theL direction in the 0.33 sample was larger than
that in thex=0.30 and 0.275 systems. This is evidence that
the charge order is more two dimensional in nature in thex
=0.33 system than in thex=0.275 andx=0.30 systems.(This
result was not due to the instrumental resolution because a
comparison revealed the instrumental resolution values of
the 0.33, 0.30, and 0.275 samples to be virtually the same
and to contribute a negligibly small width compared to the
charge order reflections.)

Table I shows the inverse correlation length of the charge
stripes in thex=0.33,x=0.30, andx=0.275 doped samples
and as a comparison the results for the(4,0,4) Bragg peak are
tabulated. The charge ordering in the 0.30 and 0.275 systems
was not as two dimensional in nature as in the 0.33 doped
sample. In theH andK directions in both samples the charge
order was correlated over approximately 25 unit cells,

TABLE I. Inverse correlation lengths for the charge order in the
x=0.33,x=0.30, andx=0.275 samples at 20 K as a comparison to
the inverse correlation length of the(4,0,4) Bragg peak in the 0.275
sample is shown.

Sample

Inverse correlation lengths10−3 Å−1d

H K L

x=0.33 6.10±0.07 2.66±0.03 54.2±0.4

x=0.30 7.56±0.08 4.60±0.09 18.8±0.4

x=0.275 8.01±0.14 4.89±0.03 24.7±0.3

Bragg 1.89±0.04 1.39±0.02 4.00±0.10

FIG. 6. (Color online) The temperature dependence of the inte-
grated intensity of the(4.66,0,5) reflection nearTCO. The triangles
show the total intensity, the circles the corrected intensity, and the
line shows the power law fit.

FIG. 7. (Color online) The temperature dependence of the in-
verse correlation length in theH andK directions of the(4.66,0,5)
reflection nearTCO. The line shows the fit to the power law
equation.
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whereas in theL direction it was only correlated over ap-
proximately 5 unit cells. From these values we conclude the
charge order is clearly two dimensional in nature but to a
lesser degree than in the 0.33 sample.

The temperature dependence of the integrated intensity,
inverse correlation length, and incommensurability for the
s3.36,0,−3d reflection along theH direction is shown in Fig.
8. There is a clear contrast with the behavior of thex=0.33
composition and there are in fact four clear regions for the
charge stripe ordering. At low temperatures, between 10 K
and 110 K, the charge reflections are intense and well corre-
lated with a small inverse correlation length. The incommen-
surability was obtained by measuring the change in position
of the superlattice peak in theH direction and in region I it is
relatively constant with«=0.316. In region II between
110 K and 150 K the integrated intensity begins to decrease
and the incommensurability begins to increase towards the
commensurate«=0.33 value, and this is consistent with pre-
vious results17 for the x=0.289 doped system. There is a
slight decrease in the inverse correlation length in this re-
gion, indicating that the charge ordering is becoming more
correlated. In region III between 150 K and 200 K the in-
verse correlation length increases, indicating that the charge
stripes are becoming less correlated. The integrated intensity
of the charge stripes continues to decrease and the incom-
mensurability continues to increase towards the commensu-
rate value«=1/3. There is still weak scattering present
above 200 K in regime IV, and this is attributed to critical

scattering and the charge ordering here is weak and poorly
correlated. The behavior of the integrated intensity and in-
verse correlation in theK andL directions is the same as in
H but there is no change in the position beyond that due to
thermal expansion.

The temperature dependence of the integrated intensity,
inverse correlation length, and incommensurability of the
(4.59,0,5) charge order reflection in thex=0.275 sample is
shown in Fig. 9. Just as for thex=0.30 doped sample there
are four clear regions. The charge ordering temperature is
lower in the x=0.275 system with the integrated intensity
beginning to decrease above 80 K and only critical scattering
observed above 160 K. The incommensurability shows simi-
lar behavior to thex=0.3 sample, but due to the lower hole
concentration the initial incommensurability at low tempera-
tures is«=0.296.

We shall now discuss the behavior of the charge ordering
and we refer to thex=0.30 sample. In region I at base tem-
perature the stripes are intense, have a small inverse correla-
tion length and are incommensurate with«=0.316. As the
temperature is increased there is an increase in the charge
density contrast and, hence, the integrated intensity in-
creases. The behavior in region I is very similar to that of the
0.33 doped system with an increase in the integrated inten-
sity but the effect is not as dramatic. Possible reasons for this
behavior will be discussed in the next section. As the tem-
perature is increased in region II the charge stripes gain more
thermal energy and this enables them to overcome the Cou-

FIG. 8. Integrated intensity, inverse correlation length, and in-
commensurability of thes3.36,0,−5d charge order peak in theH
direction in thex=0.30 sample. Unless shown the error bars are
smaller than the symbol size.

FIG. 9. Integrated intensity, inverse correlation length, and in-
commensurability of the(4.59,0,5) charge order peak in theH di-
rection in thex=0.275 sample. Unless shown the error bars are
smaller than the symbol size.
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lomb repulsion and move towards the favored«=1/3 value
and thus the incommensurability wave vector increases. This
change in position was significantly larger than in the 0.33
system. There is a decrease in the integrated intensity as the
temperature is increased into region II. As the temperature is
increased the holes gain thermal energy, allowing them to
overcome the interactions with the lattice which fix them on
the charge stripe. This lowers the hole concentration on the
charge stripes and as a result the integrated intensity de-
creases. To minimize the Coulomb repulsion the charge
stripes straighten, causing the inverse correlation length to
decrease slightly, indicating an increase in the degree of
stripe correlation. The boundary of regions II and III corre-
sponds to the spin ordering temperatureTN. The charge
stripes are no longer stabilized by the spin stripes and
coupled with the increased thermal energy begin to vibrate;
due to this there is a sharp increase in the inverse correlation
length. In region III there is a continuation of the decrease in
integrated intensity and increase in the incommensurability
as the holes continue to gain thermal energy. In region IV
only critical scattering exists and this is very weak and vir-
tually uncorrelated. The wave vector is close to the commen-
surate value but the charge ordering disappears before«
reaches the stable 1/3 value. In the lower dopedx=0.275
sample the charge stripes are less stable and initially further
apart resulting in lower Coulomb repulsion. Therefore, less
thermal energy is required to overcome the Coulomb repul-
sion, and hence move the stripes towards the stable configu-
ration. For this reason the charge ordering enters region II at
80 K as opposed to 110 K in thex=0.30 doped sample. The
broadening of the inverse correlation length corresponds to
the magnetic ordering temperature observed by Lee and
Cheong8 in the aforementioned study of thex=0.275 com-
position. The neutron results for the 0.275 composition re-
vealed no initial increase in integrated intensity; instead it
remains constant at low temperatures. The charge ordering
then behaves in a similar way to thex=0.30 doped sample,
but due to the lower doping level the spin and charge order-
ing temperatures are lower. This is in agreement with that
seen in previous studies with the charge and spin ordering
temperatures decreasing fromx=0.33.

IV. DISCUSSION

In all three samples there is an initial increase in the in-
tegrated intensity as the temperature is increased. This effect
is most significant in thex=0.33 doped system but it is also
observed in the 0.30 and 0.275 systems. In each sample mea-
surements of the Bragg peak intensity confirmed that it was
not as a result of sample or beam movement. Our measure-
ments of the integrated intensity showed a considerable dif-
ference when compared with the neutron scattering results.
In the neutron scattering study of the 0.33 by Cheonget al.7

and the study on 0.33 and 0.275 by Leeet al.16 the integrated
intensity demonstrated a gradual decrease with temperature.
This is in clear contrast to our results where an inital increase
in intensity is seen. We can offer no definite explanation for
the discrepancy between the neutron and x-ray techniques.
Both techniques are sensitive to long-range correlations in
the electron density and reflect distortions in the electron

density. Both would be expected to show similar results with
respect to the integrated intensity. There has been some dis-
cussion as to whether a movement of holes from the nickels
(site centered stripes) to the oxygens(bond centered stripes)
could be responsible. However, Tranquadaet al.18 in a study
of La2NiO4+d for d=0.133 determined that the movement of
the holes from the Ni sites to the oxygens only became sig-
nificant above the magnetic ordering temperature. This does
not explain the low temperature behavior which occurs well
below the magnetic ordering temperature. Further study is
required to clarify the discrepancy between the x-ray and
neutron measurements.

A possible explanation for the behavior of the integrated
intensity is the influence of the spin exchange interactions.
At low temperatures the effect of the exchange interactions is
strong, and this favors a uniform charge distribution across
the charge stripe. This lowers the magnitude of the associ-
ated lattice modulation and, hence, the charge density differ-
ence between the hole rich and hole poor regions. The spin
exchange interactions compete with the effects of Coulombic
repulsion which seeks to maximize the distance between the
charge. As the temperature is increased the holes gain more
thermal energy and overcome the spin exchange interactions,
and to minimize Coulombic repulsion the holes attempt to
maximize the distance between them. This increases the
magnitude of the lattice modulation in the hole rich areas
and, hence, the contrast in the charge density between the
hole rich and hole poor regions and the intensity increases. In
the x=0.33 sample this continues until the intensity maxi-
mizes at the spin ordering temperature of 190 K. In thex
=0.30 and 0.275 samples this effect is also observed but
possibly because the charge order is less stable the intensity
begins to decrease before reaching the magnetic ordering
temperature. This is only a proposed model, but a recent
experiment by Schußler-Langeheineet al.19 has reported the
observance of a resonance in the scattered intensity for the
charge order in La1.8Sr0.2NiO4 when the energy was tuned to
the Ni LII and LIII edges. This confirmed the Ni2+/Ni3+

charge order pattern and further experiments at theL edges
may test the validity of the proposed model.

When comparing the behavior of the incommensurability
between the three doping levels we refer the reader to Fig.
10, which shows the temperature dependence of the incom-
mensurability. In all samples the charge order attempts to
move towards the commensurate«=1/3 value. In thex
=0.33 system there is a small change in the incommensura-
bility as it moves towards the«=1/3 value. Once this posi-
tion is reached there is a stabilization of the charge order. In
the lower doped samples the incommensurability also tends
towards the stable«=0.33 value but the charge ordering in
both samples disappears before reaching the stable position.
Table I summarizes the inverse correlation lengths measured
in region I for thex=0.33,x=0.30, andx=0.275 samples. In
all samples the charge ordering is two dimensional in nature
and is significantly less correlated than the crystal lattice. As
the doping is decreased from the stable configuration ofx
=0.33, the inplane inverse correlation lengths increase, indi-
cating that the charge ordering is becoming more disordered.
In the x=0.33 doped sample the charge and spin ordering
coincide at the same position and as result the charge order-
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ing is stabilized. The data from the 0.33 system showed that
the commensurability effect from the coupling between the
lattice and the charge order also stabilized the charge order
even in the absence of spin order. As the doping in the sys-
tem is decreased the charge and spin stripes no longer occur
at the same position and this results in the charge stripes
becoming more disordered within the plane as the doping
level moves away fromx=0.33. The charge order is more
two dimensional in nature in the 0.33 sample than in the 0.30
and 0.275 doped samples and we do not know why this is the
case.

In the 0.33 doped composition the integrated intensity
continued to increase until the magnetic ordering tempera-
ture. In thex=0.30 and 0.275 systems the intensity begins to
decrease before the spin ordering temperature because the
charge stripes are not as stable as in the 0.33 system. In the
0.33 system the charge stripes are stabilized when they reach
the commensurate value and this effect stabilizes the charge
order pattern even above the magnetic ordering temperature.
However, in thex=0.30 andx=0.275 systems the charge
ordering is incommensurate and not stabilized by interac-
tions between the charge order and the lattice. Above the
magnetic ordering temperature the inverse correlation length
in the 0.30 and 0.275 systems begins to increase sharply
because in these systems long-range charge order cannot ex-
ist in the absence of magnetic order.

V. CONCLUSIONS

By using high resolution x-ray scattering we have con-
firmed that the charge stripes become more disordered as the
doping is reduced from the commensuratex=0.33 value.

These results show that the charge stripes in thex=0.30 and
x=0.275 samples are still highly correlated but less corre-
lated in-plane than forx=0.33. However, the charge stripes
are less two dimensional in the lower doped samples evi-
denced by a smaller inverse correlation length in along theL
direction. In thex=0.33 composition the charge order was
slightly incommensurate at low temperatures and gradually
moved towards and then “locked in” to the commensurate
position of 0.333. This was accompanied by a stabilization of
the charge order. In thex=0.30 and 0.275 systems the charge
order was far from the commensurate position. However, as
the temperature was increased the commensurability also
tended towards the stable«=0.33 value when the stripes gain
enough thermal energy to overcome Coulomb repulsion.
However, the charge order disappeared in both samples be-
fore it could reach the stable position.

The inverse correlation length shows different behavior
between thex=0.33 composition and the lower doped com-
positions. In the 0.30 and 0.275 systems the inverse correla-
tion length increases sharply at the spin ordering tempera-
ture, evidence that the spin order stabilizes the charge order
pattern. However, in the 0.33 doped system the spin ordering
temperature is 190 K but the charge order shows no change
in correlation until 220 K—well aboveTN. This suggests that
the interaction between the charge order and the lattice sta-
bilizes the charge order pattern in the 0.33 system, i.e., a
commensurability effect.

In the low temperature phase an increase in the charge
ordering intensity is observed and on heating in all samples.
This effect was most significant in the 0.33 system where the
intensity increased untilTN was reached. This increase in
intensity was not observed in any of the previous neutron
studies and we can offer no definite explanation for this and
it clearly requires further study.

Further studies will be reported on other compositions in
the La2−xSrxNiO4 system to allow a fuller understanding of
the charge ordering for all nickelate doping levels.
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