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La3;NiOy.125 exhibits a cooperative ordering of dopant-induced holes and Ni spins below a tran-
sition temperature of 110 K. There is also an ordering of interstitial oxygens that occurs near room
temperature. We present a comprehensive analysis of experimentally observed superlattice intensi-
ties in terms of structural models, justifying previous identifications. The model for the interstitial
order involves a 3a X 5b X 5c unit cell with an ideal interstitial density of 6 = % per formula unit.
In the spin and charge ordered state, the magnetic moments are sinusoidally modulated within the
NiO2 planes. The moments point transverse to the modulation direction, with nearest neighbors
antiparallel, and have a maximum amplitude that is > 80% of that observed in undoped La;NiOj.
A corresponding modulation of atomic positions within NiO, planes involves breathing-mode distor-
tions consistent with a modulation of the charge density. The results are compared with theoretical
models and with experimental observations on related systems.

I. INTRODUCTION

The behavior of holes doped into a two-dimensional
antiferromagnet has been the subject of numerous theo-
retical investigations in the last few years. Emery and
Kivelson'™® have emphasized the tendency of neutral
holes in an antiferromagnet to phase separate, and they
have proposed that the frustration of macroscopic phase
separation by long-range Coulomb interactions is respon-
sible for many of the unusual properties of the layered
copper-oxide superconductors. One particular type of
microscopic phase separation that has been found in both
mean-field*® and variational Monte Carlo!?!! studies of
the two-dimensional Hubbard model involves the local-
ization of holes in domain walls within an antiferromag-
netic background.

We recently reported'? that such a phase is physically
realized in LasNiOg44s with 6 = 0.125. Below 110 K
the domain walls order periodically and act as antiphase
domain boundaries for the magnetic structure. The rel-
evance of the Hubbard model studies to understanding
the nickelate has been unclear since a single-band Hub-
bard model properly describes a spin-% system while Ni
is spin 1. However, Zaanen and Littlewood'3 have now
presented multiband-Hubbard-model calculations appro-
priate for an NiO, plane which show the same type of
domain wall structures. Their analysis shows that these
features, which are driven by purely electronic interac-
tions, are stabilized by electron-phonon coupling in the
nickelate.

The identification of spin and charge order in
LayNiOy. 125 is complicated to some extent by the occur-
rence of ordering among the interstitial oxygens. In the
present paper we justify our previous identifications by
performing a comprehensive analysis of the ordering of
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the interstitials, which occurs near room temperature, as
well as the spin and breathing-type lattice modulations
that occur at low temperature. The ordering of the in-
terstitials causes lattice distortions with which the charge
and spin order must compete; however, the atomic dis-
placements involved in the two types of order are quite
different in nature.

The rest of the paper is arranged as follows. The ex-
perimental details are given in the next section, followed
by a general description of the superlattice peaks that
are observed. The analysis of the interstitial order is
presented in Sec. IV, and that for the cooperative spin
and lattice modulations appears in Sec. V. A discussion
of the results, with a comparison to theory and to re-
lated systems, is followed by a summary. The structure
factors for the ordered interstitials are described in the
Appendix.

II. EXPERIMENTAL PROCEDURES

The 1.3 g crystal used in the present study is the same
one that we used in our original work.'? It was obtained
from a boule grown by rf induction skull melting.!* The
oxygen concentration was selected by annealing at 700 °C
in 1 atm O, for several hours, followed by a quench to
room temperature. The proper annealing conditions had
been determined previously in the study by Rice and
Buttrey.'* The value of § was checked by iodometric anal-
ysis of other material prepared in the same anneal. The
lattice parameters determined by neutron diffraction at
10 K are a = 5.457 A and ¢ = 12.62 A.

The neutron diffraction measurements were performed
on the H4M and HS8 triple-axis spectrometers at the High
Flux Beam Reactor located at Brookhaven National Lab-
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oratory. The (002) reflection of pyrolytic graphite (PG)
was used for the monochromator and analyzer, together
with a PG filter in the incident beam to eliminate A/2
contamination. A neutron energy of 14.7 meV was uti-
lized for all measurements. The sample temperature was
controlled with a Displex closed-cycle He refrigerator.

The crystal was initially oriented in the (h0l)/(0kl)
zone (see below for a discussion of twinning), and was
later reoriented to access the (hkO) zone. Integrated
Bragg peak intensities were determined at a tempera-
ture of 10 K from 60-20 scans, with typical collimations
of 40’-20’-20’-40'. Measurements in different orientations
were normalized using reflections that are accessible in
both zones. For each set of measurements, the sample
was slowly cooled between 300 K and 240 K to enhance
the ordering of the oxygen interstitials.

III. GENERAL DESCRIPTION

We observe two types of ordering in LayNiOy 125: one
corresponding to ordering of the oxygen interstitials and
another involving ordering of the doped holes and the
Ni spins. (The justification for this assertion will be de-
veloped below.) The ordering of the interstitials is indi-
cated by the appearance of two distinct sets of superlat-
tice peaks, as depicted in Fig. 1. Each set of peaks is
characterized by a modulation wave vector g; such that
if Qst, is the position of a superlattice peak, then

QsL = G + gj, (1)

where G is a reciprocal lattice vector corresponding to
the fundamental tetragonal unit cell containing two for-
mula units (K;NiF, structure). At this point we note
that, while we chose to reference the structural modula-
tions to the fundamental cell, it will be more convenient
notationally to make use of indexing based on the or-
thorhombic cell specified by v/2a x v/2b x c¢ relative to
the tetragonal. The two wave vectors g; both specify
modulations within the NiO, planes, and it seems most
sensible to assume that they are in orthogonal directions.
Since we have not resolved an orthorhombic splitting, we
arbitrarily assign the (h, k) directions of the modulations

as follows:
1
g1 = (570y 1) (2)

g2 = (0, %v %) . 3)

The existence of twin domains rotated by 90° with re-
spect to one another would then explain why both sets
of peaks appear to occur in the same zone of reciprocal
space. The two sets of domains are indicated in Fig. 1
by different shadings. A second type of twinning is asso-
ciated with g». Related, but inequivalent, domains are
characterized by

and
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g = (o,—g,g). 4)

The relationship between the g, and g domains will be-
come clearer after we describe the structural model in
the next section. The g; peaks were first observed by
Yamada et al.;'® however, they did not report seeing the
g2 (and g}) reflections. We have also observed very weak
second harmonic peaks of both types.

With two distinct sets of superlattice peaks, one might
be tempted to assign each to a different phase. The fact
that they appear at precisely the same temperature could
be explained by phase separation. However, certain be-
haviors of the peak intensities with temperature strongly
suggest that the two sets are both associated with a single
phase. First of all, close to the transition temperature,
the peak intensities show a rather sluggish time depen-
dence following a temperature change, very similar to the
slow ordering kinetics that we have documented'®:!7 in
LayNiO4ys with 0.05 S § < 0.11. On warming, the peaks
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FIG. 1. Schematic diagrams indicating locations of super-
lattice peaks corresponding to ordering of the oxygen inter-
stitials in the (hOl)/(0kl) and (hkO) zones of reciprocal space.
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FIG. 3. Schematic diagrams indicating locations of super-
lattice peaks corresponding to spin and charge ordering in the
(h0l) and (hkO) zones of reciprocal space.
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disappear near 310 K, while on cooling, they reappear at
300 K after waiting at least 1 h at that temperature.
As shown previously,'? cooling the sample rapidly from
T 2 310 K to < 250 K leads to a substantially weaker su-
perlattice intensity than that obtained after slow cooling.
The important point is that the two sets of reflections
show the same relative changes in intensity with temper-
ature and cooling rate. To us this behavior indicates a
single ordered phase. Also, we will present below a model
for the oxygen ordering that is consistent both with the
two modulation wave vectors and with the known con-
centration of interstitials.

Besides the superlattice peaks, there also exists weak
diffuse scattering, which indicates that a small frac-
tion of the interstitials do not participate in the three-
dimensional (3D) ordering. Figure 2 shows an example of
the diffuse signal. It is similar to the type of scattering
observed'® in Lay;NiO4,s with 0.05 < 6 < 0.11, where
the interstitials order one-dimensionally in a staged fash-
ion. The diffuse signal may come from regions between
the dominant domains of 3D order.

The combined ordering of charges and spins does not
occur until the crystal is cooled below 110 K. The po-
sitions of the corresponding superlattice peaks are indi-
cated in Fig. 3, and representative scans through some
of these peaks are shown in Fig. 4. The magnetic peaks
are characterized by the modulation wave vector
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FIG. 4. Selected scans in the (hk0) zone through gi-, ge-,
g2, and gae-type superlattice peaks. The lower panel shows
scans below and above the spin-and-charge-ordering transi-
tion at 110 K. The 10 K scan has been shifted vertically for
clarity.
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FIG. 5. Temperature dependence of the normalized inte-
grated intensities for a g; and a g. peak.

ge = (1 —¢,0,0), (5)
while for the charge-ordering peaks we find
g2 = (2¢,0,1). (6)

The value of € is temperature dependent,'? varying from
0.295 at 110 K to 0.271 at 10 K. There is one difference
in applying Eq. (1) to the magnetic peaks: the relative
phases of the modulations associated with the magnetic
moments in the two NiO; layers per unit cell make the
moments on the two different Ni sites of the unit cell
inequivalent. Thus, for the magnetic structure the face-
centered symmetry of the orthorhombic cell is broken, so
that the usual restriction on G = (h,0,!) that both h
and ! must be even is changed to h even and [ integer.
Furthermore, we also observe third-harmonic magnetic
peaks described by

g3e = (1 — 3¢,0,0). (7)
Again, Yamada et al.'® observed the g. and gs. reflec-
tions, but did not find the g peaks.

The wave vectors g; and ga. are quite similar in form.
If they represented similar structural modulations, then
one might expect to see a change in intensity of g; peaks
when the charge and spin ordering occurs. Figure 5 shows
the temperature dependence observed for (1+ %, 1,0) and
(1 — €,0,0) reflections. No significant correlation of the
intensities is observed.

IV. ANALYSIS OF INTERSTITIAL ORDER

The unit cell required to describe the interstitial or-
dering is 3 X 5 x 5 relative to an orthorhombic unit cell
containing four formula units. In general, there would
be many free parameters required to describe the atomic
positions within such a unit cell, and without severe con-
straints on these parameters, one would predict inten-
sity at many new superlattice positions where none is

observed experimentally. Ignoring the interstitials for a
moment, a more convenient way in which to describe the
atomic displacements associated with the ordering is in
terms of an incommensurate modulation of the structure,
as we discuss below. '

We begin by writing the structure factor F,, for the
nth unit cell (containing two formula units), located at
R,, as

Fa(Q) = D _bje™ ¥, ®8)

where b; is the neutron scattering length for the jth atom
in the unit cell. In general, the displacements can be
written

Tnj = Tj + 0Tn;, (9)
with
dr,; = cjcos(g- Ry) +s;sin(g - R,). (10)

Plugging these formulas into Eq. (8) and expanding the
exponential, one finds, in the limit of small displace-
ments, that

(SFn = .fc(Q) COS(g'Rn) +fs(Q) Sin(g'Rn)7 (11)

where
£.(Q) = ~i T b(Q- ey)e= @
= fe +]z'f;', (12)
and f, is similarly defined. Using methods described by

Scaringe and Comés,'® one can then show that the scat-
tered intensity for superlattice peaks is given by

I=N?*) {|F+’5[Q - (G +g)]
G

+|F_?5[Q- (G —g)}, (13)
where
1
Fel? = [(FeF £+ (F2 £ £)7], (14)
and we have assumed that the number of unit cells in

the crystal, N, approaches infinity. For comparison, the
intensities of the fundamental reflections are given by

I=N*Y [(F)5(Q-G), (15)
G
where
1
(F) =+ zﬂ: F,

= bje i (16)

J
Besides the displacements of atoms in the lattice,

we must also consider scattering from the interstitials.
While this contribution cannot be described by a single
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sinusoidal factor, we show in the Appendix that it can be
described as a sum of contributions to the fundamental,
first harmonic, and second harmonic reflections. Thus,
the contribution to the scattering amplitude for the first
harmonic peaks has the same form as Eq. (11), and is
readily included in the analysis of peak intensities. Note
that we ignore Debye-Waller factors in our analysis be-
cause the measurements were performed at low temper-
ature, and the maximum Q studied (4.8 A~!) is fairly
small.

A. Fundamental reflections

The most direct information on the interstitial order
comes from the superlattice peaks. While scattering from
the interstitials and displacements affects the intensities
of the Bragg peaks corresponding to the undistorted lat-
tice, we choose to ignore this very small contribution in
analyzing the fundamental reflections. The main pur-
pose of evaluating their intensities is to obtain a scale
factor so that the superlattice intensities can be put on
an absolute scale.

Figure 6 shows the observed values of |F|? for eight
fundamental reflections in the (h0l) zone plotted versus
the values calculated using the K,;NiF, structure. The
only two parameters not determined by symmetry for
this structure are the relative coordinates along the ¢
axis of the apical oxygens (O site) and the lanthanum
ions. A least squares fit yielded the values zpo, = 0.157
and zp, = 0.353, respectively. The fact that the points in
the figure do not lie on a straight line is due to extinction,
which we take into account by fitting the data with the
formula
AlF|2

calc . (17)

Fl%. =
I Iobs 1+alFl

calc

The values of |F' Iobs for the superlattice peaks are all
weak and in the region where extinction is negligible.
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FIG. 6. Observed values of |F|? for fundamental Bragg
peaks plotted as a function of the calculated ones. The solid
line indicates the curve y = Az /(1 + ax), with fitted param-
eters A = 40.0 and a = 0.022. The dashed line indicates
y = Azx.
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B. g3 structure

We start with an analysis of the g, reflections be-
cause they are similar to the superlattice peaks seen
previously!® in crystals with 0.05 < § < 0.11. In the
latter case the modulation wave vector can be written
gm = (0,1,1), where m is the order of the oxygen stag-
ing (i.e., the number of NiO; layers between interstitial-
occupied Laz O3 layers). The intensities of the superlat-
tice peaks can be explained by the tilt pattern of the NiOg
octahedra,'%'® and no indication of a three-dimensional
ordering of the interstitials has been observed by neutron
diffraction.

At § = 0.105 we have observed a stage order of m = 2.
With increasing oxygen concentration one might expect
the next stage order to be m = 1. Instead, at § = 0.125
we find the g, peaks, which indicate that the positions
of the interstitials are correlated along the b and c di-
rections. To gain some insight into the structure, we
initially considered a model in which the octahedra are
rotated and displaced in a rigid fashion. Consideration of
the pattern of rotated octahedra determined by the wave
vector g, led to the model structure shown in Fig. 7. The
interstitials are assumed to sit in the largest available
openings. The density of interstitials per fundamental
unit cell in this projection is 3.

While the rigid-rotation model is useful for identifying
the ordering pattern, we have found that, to obtain rea-

‘sonable quantitative agreement with the observed super-

lattice intensities, it is necessary to allow for substantial
distortions of the octahedra. We consider a fundamental

unit cell containing Ni atoms at (0,0,0) and (0, —%,% ,

with identical displacements of the octahedral oxygens
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FIG. 7. Schematic model of the interstitial oxygen order-
ing in LazNiOy4.125. The NiOg octahedra are depicted by di-
amonds, interstitials by solid circles. Octahedra drawn with
solid lines are centered in the plane of the page, while those
with dashed lines are half a lattice spacing above or below
the page. (La ions are neglected for clarity.) The magnitudes
of atomic displacements have been exaggerated. Interstitial
positions are projected onto the plane. The ideal interstitial

concentration corresponds to § = 2.
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about each site. [This is the cell for gs; for g5, the sec-
ond Ni site is at (0, 1, 1).] The largest displacements are
those of the apical oxygens, Ayo,, which move in a ro-
tating fashion about each Ni. The La ions in the same
layer move by Ayra. The in-plane oxygens also move in
a manner corresponding to tilting of the octahedra; how-
ever, because neighboring octahedra are not rotated by
equal and opposite amounts, we cannot expect the oxy-
gens at (+1,1,0) and (+%,—%,0) to move by equal and
opposite amounts. Instead, we include only the former
pair of Oj sites [and (£}, —3, 3)] in the unit cell.

The displacements depend on the position of the unit
cell R,, in a sinusoidal fashion; e.g.,

Ayo,,. = Ayo, sin(gz - Ry, + ¢), (18)

where the parameter ¢ is necessary to specify the phase
of the modulation with respect to a specific choice for
the positions of the interstitials. Because of the unsym-
metrical modeling of the O, displacements, we allow their
modulation to be phase shifted with respect to the apical
oxygens by using

Azo,, = Azo, , sin(gz2 - Rn + )
+ Azo, . cos(gz - Ry + ¢). (19)

The simplest way to express the model may be to
write down the structure factors f. and f, defined in
Eq. (11). The displacements of the two octahedra in the
elemental cell are identical, so that each structure factor
is equal to that for a single octahedron times the fac-
tor 1 + explin(k F1)] (with — for ga, + for g3). The
latter factor is always equal to 2 for the observed (0kl)
superlattice peaks. Now, because of the phase shift ¢, we
proceed to write down the structure factors in two steps.
We first define the intermediate quantities f. and f,:

f.= iwaolAzol_ce_i%k cos (%h) , (20)

fo = —8n [bokAyo2 sin(2mzo,1)
. T ™
+ ibolAzo, ,e7"2 k cos (—z-h)
+ brakAyra sin(27rzLal)] . (21)
In terms of these, one can then write

.fc =fesin¢+fccos¢, (22)
fo = focos¢ — fesing. (23)

The contributions from the interstitials themselves are
given in the Appendix.

In fitting the observed values of |F|?, we have assumed
that there are equal volumes of g and g domains, and
we have taken account of the fractional occupancy of the
interstitial sites [the ideal § is 2 (~ 0.133) for the model
structure, as explained below]. The oxygen and lan-
thanum displacement parameters were adjusted to obtain
the best least squares fit, taking into account the scale
factor A determined in the analysis of the fundamental
reflections. Reasonable fits were obtained with the phase
¢ set equal to %7 (—%7) for g2 (g}) peaks. The results
are shown in Table I and the corresponding displacement
parameters are listed in Table II. We have not quoted
error bars for the parameter values because we expect
them to be dominated by systematic effects such as the
lack of complete ordering of the interstitials.

While the agreement between |F|%,, and |F|2,, is far
from perfect, the model does properly give strong peaks
near (0,1,4) and (0,3,2), with very weak intensities else-
where. Whereas the large values of |F|? are due pre-

TABLE I. Comparison of the observed values of |F|* with those calculated using the model
discussed in the text for the g2 and g3 superlattice peaks. Also included are the results calculated

from the model assuming that (a) only the interstitials or (b) only the displacements contribute.

(hv k? l) G+g |F|§bs IFlzalc |F‘iﬂt |2 |Fdi5p|2
50,0.8,1.2; go,o,z; + g5 0.13(2; 0.01 0.07 0.03
0,0.8,2.8 0,0,2) + g2 0.03(2 0.01 0.11 0.02
(0,0.8,4.8) (0,0,4) + g2 1.61(4) 1.23 0.11 0.50
(0,0.8,5.2) (0,0,6) + gh 1.78(4) 1.41 0.07 0.97
§0,1.2,0.8§ Eo, 2,0; —gh o.m(zg 0.00 0.07 0.08
0,1.2,1.2 0,2,2) — g2 0.03(2 0.09 0.11 0.15
(0,1.2,2.8) (0,2,2) — g 0.03(2) 0.00 0.07 0.10
(0,1.2,3.2) (0,2,4) — ga 0.02(2) 0.01 0.11 0.14
(0,1.2,4.8) (0,2,4) — g} 1.51(4) 1.92 0.07 1.36
(0,1.2,5.2) (0,2,6) — g2 1.13(4) 1.44 0.11 0.64
(0,2.8,0.8) (0,2,0) + g2 3.08(8) 1.49 0.11 0.87
(0,2.8,1.2) (0,2,2) +gb 3.66(8) 2.33 0.07 1.60
(0,2.8,2.8) (0,2,2) + g2 0.11(4) 0.02 0.11 0.18
(0,2.8,3.2) (0,2,4) +gb 0.06(4) 0.03 0.07 0.05
(0,3.2,0.8) (0,4,0) — g 1.41(6) 1.85 0.07 1.20
(0,3.2,1.2) (0,4,2) — g2 2.16(6) 2.72 0.11 1.86
(0,3.2,2.8) (0,4,2) — g5 0.16(4) 0.11 0.07 0.38
(0,3.2,3.2) (0,4,4) — g2 0.15(4) 0.13 0.11 0.01
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TABLE II. Parameter values obtained in fitting the ob-
served values of |[F'|? for the g, and g; peaks.

g2 modulation g1 modulation

Parameter Value Parameter Value
Ayo,b 0.153 A Azo,a 0.120 A
AyLab —0.059 A Azo,c —0.121 A
Azo, cC —0.016 A Azpraa —0.082 A
Azo, ,sC —0.041 A Azpac 0.074 A

Ayo, b 0.028 A

dominantly to the displacements of atoms in the original
lattice, the small values require destructive interference
between the contributions from the interstitials and the
displacements. To illustrate this, we have also listed in
Table I the values obtained from the model considering
just the interstitial contribution, |Fi:|?, and just the dis-
placement contribution, |Faisp|?.

C. g1 structure

Applying the rigid-rotation model to the g; modula-
tion leads to the model shown on the left-hand side of
Fig. 7. To model intensities of (h0l) reflections, we con-
sider only displacements of the apical O and the La. Be-
sides a rotation-type displacement along a, we also al-
low a displacement perpendicular to the planes, with the
pairs of O and of La associated with one NiO; layer mov-
ing in the same direction (i.e., not a breathing-type dis-
placement). Figure 8 is an attempt to illustrate how the
pattern of apical oxygen displacements is correlated with
the positions of the interstitials. The density of inter-
stitials per elementary unit cell in the a-c projection of
Fig. 7 is 1 Combining this value with the density of 2 3

obtained for the b-c projection yields a net density of is

FIG. 8. Diagram indicating correlations between apical
oxygen displacements and the locations of the interstitials at
z = % and at z = %. Lines indicate edges of NiOg octahe-
dra. Solid lines denote tops of octahedra centered at z — Zv
dashed lines denote bottoms of octahedra centered at z + 3
Interstitials sit in positions where all nearest-neighbor apical

oxygens are tilted away.
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per unit cell. Since a unit cell contains two Ni atoms, the
interstitial density corresponds to an oxygen excess per
formula unit of § = 15

The distortions associated with the two octahedra in
the elemental unit cell are opposite to each other, so that
the structure factor for the cell can be written in terms
of the displacements for a single octahedron times the
factor 1 — exp[imw(k — l)], which is always equal to 2 for
the observed (h0!) and (hkO) reflections. The relevant
structure factors for the (h0l) peaks are then

fe = 8mh[bo Az, sin(27lzo,)

+ bLaAzp, cos(mk) sin(2mlzLa)], (24)
fs = i8nl[bo Azo, cos(2mlzo,)
+ bLaAzp, cos(mk) cos(27lzL,)). (25)

(The contributions due directly to the interstitials are
given in the Appendix.) Examination of these formulas
reveals that they are equal to zero for (hk0) reflections.
To explain the intensity there, we consider displacements
of the in-plane oxygens parallel to b, transverse to the
modulation direction which is along a. The structure
factor is

fs = SﬂkAyole"i%h sin (gk) , (26)

with f. = 0. In our model, there is no direct contribution
from the intersitials to the (hk0) intensities.

The observed values of |F|? are compared in Table III
with those obtained from a least squares fit. The param-
eter values resulting from the fit are listed in Table II.
Again, to illustrate the relative contributions and degree
of interference, the values of |F|? calculated for (a) only
the interstitial and (b) only the diplacement contribu-
tions are listed in the last two columns of Table III. The
model seems to give adequate agreement with the obser-
vations.

V. ANALYSIS OF SPIN AND CHARGE ORDER
A. g. structure

As mentioned earlier, the spin structure is character-
ized by the modulation wave vector

~ - vy e
- - = @@@ © O O
<« - \\ s s
o > @CDCD o O O

-J>~—->—>

(a) (b) ()

FIG. 9. (a) Undoped Néel structure, (b) spiral spin struc-
ture, (c) transverse collinear spin structure. Arrows indicate
spins on Ni sites in an NiO: plane; circles denote expected
positions of holes.
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TABLE III. Comparison of the observed values of |F|? for the g1 peaks with those calculated
using the model discussed in the text. Also included are the results calculated assuming that only
the interstitials or only the displacements contribute.

(ha k’ l) G+ g1 |F|<2>bs lFlzalc lﬂntlz |Fdi3P|2
(0.33,0,1) (0,0,0) + g1 0.04(1) 0.18 0.21 0.00
(0.33,0,3) (0,0,2) + g1 0.16(1) 0.03 0.21 0.09
(0.33,0,5) (0,0,4) + g 0.26(2) 0.04 0.21 0.44
(0.33,0,7) (0,0,6) + g1 0.25(3) 0.22 0.21 0.00
(1.67,0,1) (2,0,2) — g1 0.05(2) 0.15 0.21 0.01
(1.67,0,3) (2,0,4) — g1 0.21(2) 0.16 0.21 0.00
(1.67,0,7) (2,0,8) — g1 1.61(6) 1.59 0.21 0.65
(2.33,0,5) (2,0,4) + g1 1.22(6) 1.26 0.21 0.44
(3.67,0,1) (4,0,2) — g 0.31(4) 0.40 0.21 0.03
(0.67,1,0) (1,1,1) — g 0.05(4) 0.06 0.00 0.06
(1.33,1,0) (1,1,-1) + g1 0.35(10) 0.06 0.00 0.06
(2.67,1,0) (3,1,1) — g1 0.02(2) 0.06 0.00 0.06
(3.33,1,0) (3,1,-1) + g1 0.08(4) 0.06 0.00 0.06
(0.67,3,0) (1,3,1) — g1 0.27(8) 0.50 0.00 0.50
(1.33,3,0) (1,3,—1) + g1 0.38(8) 0.50 0.00 0.50
(2.67,3,0) (3,3,1) — g1 0.83(10) 0.50 0.00 0.50

ge = (1—¢,0,0). (27) s° that f;(Q) = fni(Q), the magnetic form factor for a

The fact that this is close to the antiferromagnetic wave
vector (1,0,0) tells us that nearest-neighbor spins are ap-
proximately antiparallel, while the displacement by € in-
dicates that the magnitude and/or direction of spins must
be modulated such that the repeat distance in real space
lattice units is 1/e. Since € &~ }, the period of the spin
structure is approximately 4a. Two possible structures
are contrasted with the simple Néel structure in Fig. 9,
where we have taken € = % for simplicity. When the spins
are collinear, as in Fig. 9(c), the magnetic moments are
zero along stripes with a density of 1 out of 4 Ni sites.
This density of sites is equal to the nominal hole density
p = 2§ for § = 0.125, so it seems reasonable to asso-
ciate the holes with the positions of minimum moment.
Of course, while the antiparallel coupling of a hole spin
with a Ni spin will lead to a reduced net moment, the
moment will not be zero. Combining a spin—% hole with
a spin-1 Ni ion should yield a spin—% object. A model
with all spins finite can be obtained by adding a sec-
ond spin component whose direction is perpendicular to,
and whose modulation is 27e out of phase with, the first
component, as illustrated in Fig. 9(b).

To model the observed superlattice intensities, we be-
gin with the general expression for the magnetic structure
factor corresponding to the nth unit cell:

S winfi(Qaje ¥, (28)

mn

To

Fmag,n (Q) = 2/-lB

where 7o = 0.539 x 10712 cm. The quantity q; is related
to the moment p; by the formula

q; = ﬂj - (Q . ﬂj)Q, (29)

with a caret denoting a unit vector. Initially we will as-
sume that all of the ordered spin density is on the Ni sites,

Ni2* jon. To consider general models of in-plane spin or-
der, we consider separate moment components that are
transverse (1) and longitudinal (y) with respect to g.:

Kin = p1cos(ge - Rnp), (30)
Hiin = Ky cos(Be - Rn +0). (31)

For finite ) and p) with 6 = 2me we have the spiral
structure; for § = 0 the net moments are collinear but
diagonal; and with p| = 0 we get the transverse collinear
structure. We can then make use of Eq. (14) to write the
square of the structure factor for a single layer as

1 2
Fans(@F = § (5%) (@
x [M_zL (1 - Qz) — 241 4 Q2 Qy cosd
+uf (1 - Qi)] : (32)

Since, for a given value of 0, there is no reason for +6
to be preferred over —6, we expect to have both types
of domains present. Assuming that they occupy equal
volumes of the crystal, averaging |F|? over the domains
will cause the term proportional to cos to average to
zero. Thus, our measurements should not be sensitive
to the relative phase of modulation of the py and
components.

For (hOl) reflections the intensities fluctuate only a
small amount as a function of [, indicating that there is
relatively little interference between the scattering contri-
butions from the two layers per unit cell. It follows that
the magnetic scattering amplitudes of neighboring layers
must be approximately out of phase, so that in calculat-
ing the intensity the amplitudes from inequivalent layers
combine incoherently. (We will return to this point be-
low.) Hence to determine the relative magnitudes of p
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and y; we can analyze the intensities of (hk0) peaks us-
ing the single layer structure factor given by Eq. (32),
with the cos @ term left out. In Fig. 10(a) we plot the
values of |Fag|?, divided by the square of the Ni form
factor determined from LayNiO4,2° for (hkO) reflections
as a function of 1 — Q: The linear dependence indicated
by the straight line is just what one expects for u; = 0.
Because |F|? depends on the sum of the squares of the
two moment components, it is difficult to rule out a small
but finite value for y). A reasonable limit is p) /1 < 0.2.
For the rest of the analysis we will assume pj = 0.

We have now identified the general features of the
low-temperature spin structure in Lap;NiOy4 125: (1) the
sinusoidally modulated Ni spins within a plane point
transversely with respect to g, and (2) the modulations
in neighboring planes differ in phase by approximately
/2. Using this model, we can invert Eq. (32) to obtain
p1 f(Q) from the observed values of |Fyag|?. One would
expect fni(Q) to vary reasonably smoothly with Q; how-
ever, the experimentally obtained results show a degree of
scatter that is significantly larger than one might expect
based on the experimental uncertainties. We have found
that the scatter can be reduced somewhat by including
some refinements in the model. The first refinement is to
allow the modulation phase difference between neighbor-
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FIG. 10. (a) Plot of observed values of |F|?, divided by the
square of the Ni magnetic form factor, for magnetic superlat-
tice peaks in the (hk0) zone plotted vs 1 — Q;j The solid line
indicates the behavior expected if all spins are parallel to the
b axis. (b) Values of the ordered magnetic moment p times
the magnetic form factor f as a function of Q in LazNiOy4ys
extracted for § = 0.125 (solid circles), § = 0 (open circles).
The 6 = 0 results are from the work of Wang et al. (Ref. 20).
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ing planes to differ from n/2 by a small amount a. The
other revision is to allow for spin density on the apical
oxygen and lanthanum ions. Net spin densities on these
ions may be expected due to hybridization with the half-
filled Ni 3d3,2_,2 orbital. Evidence for spin density on
La ions in doped La;NiO4 has been found in two previ-
ous studies,?'22 and any moment on La should involve
hybridization through the apical oxygen. Following Lan-
der et al.?! we assume that the form factor for La can be
approximated by fy;. For oxygen we use

f6 = fo/fri = e=9"/2%8, (33)

where the width parameter oo is somewhat arbitrarily
chosen to be 2.4 A~!, approximately half of the width
required to describe fn;. (The analysis is fairly insensi-
tive to the precise value of 0p.) If we first define

F = p1 fni(1 + 2Bo2f6 cos 2m20,1
+ 2PLa cos 27 zLal), (34)

then we can express the refined model as

Fagl? = 1 (72) 72
mag 2 \ 2u5

x[1+ |sinalcosm(k +1)](1 — Q2).  (35)

To fit this model to the measured values of |Fmag|2 we
set

_0?/202.
po i = poe” @ /2w, . (36)

with po and on; treated as fitting variables. The pa-
rameter values obtained from the fitting are « = 0.08
rad, Boz = 0.041, and Br. = 0.008. We then solved
Egs. (34) and (35) for p fni and calculated values from
the measured |Fiag|? using the fitted values of @, Bo,,
and Bra. The results are shown in Fig. 10(b), where they
are compared with the values of pfyn; obtained in un-
doped La;NiO4 by Wang et al.2° As one can see from
the figure, the amplitude of the moment modulation in
the § = 0.125 compound is more than 80% of the moment
found in the undoped material.

B. g2 structure

In our earlier report!? we associated the gs. peaks with
a charge-density-wave distortion corresponding to peri-
odically ordered stripes of holes. Neutrons, of course, do
not scatter directly from the charge density; instead, they
can be diffracted by the atomic displacement waves that
will be induced if there is a charge modulation that dif-
fers from the nuclear periodicity. To “prove” that the gac
peaks do indeed indicate a charge-density modulation, we
must show that the peak intensities are generated by an
atomic displacement pattern that corresponds to an ap-
propriate modulation of bond lengths.

Zaanen and Littlewood!3 have recently published the
results of Hartree-Fock calculations on a three-band Hub-
bard model (including Peierls-type electron-phonon cou-
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pling) using parameter values appropriate for a doped
NiO, plane. Their calculations indicate that the holes
tend to form “diagonal” domain walls centered on rows
of Ni atoms, with a substantial reduction of the Ni-O
bond length (~ 5%) in the region of maximum hole den-
sity. The charge density and bond deformation patterns
are not identical, and we will return to this point later.

As a starting model for analyzing the superlattice in-
tensities, we assumed naively that the Ni-O bonds along
the [100] direction in a NiO, layer should have a simple
sinusoidal modulation. The corresponding displacement
pattern for Ni and O ions is indicated in Fig. 11. The
pair of apical oxygens about a Ni site is assumed to move
identically with the Ni, while the La ions are allowed to
move parallel to the a axis with an arbitrary displace-
ment. In terms of the partial structure factors f, and f.,
the model can be expressed as

fs= —i47r{hA:l:Ni[bNi + 2bo COS(Zﬂ'zOzl)]

+ 2Aro, b(;.e_i"h/2 cos 6

+ 2hAzabLa cos Tk cos(272y 1) } , (37)

fe= ——'i4’ll’{2[k7‘o1 l)oti_mh/2 Siﬂe}, (38)
where 2{, = 7 — 2La,

Aro, = hAxo, cos(rk/2) + kAyo, sin(nk/2) (39)

and where, for a simple sinusoidal bond-length modula-
tion, we must fix Azn; = Azo, and 6 = 7e.

The values of |F|? calculated with this model (labeled
model 1) are compared with the observed values in Ta-
ble IV; the parameter values obtained from the fit are
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FIG. 11. Sketch of the expected atomic displacements and
bond deformations associated with the charge-density-wave
order. Squares, Ni; circles, O; diamonds, bond deformations.

listed in Table V. The quality of the fit is not very sat-
isfactory. To get an improved fit, we have allowed the
phase of the displacement modulation for the in-plane
oxygens to differ from that for the Ni and La (i.e., 0 is
allowed to vary), and the displacement amplitude for Ni
is allowed to be independent of that for O;. The results
obtained from fitting the latter model (see model 2 in
Tables IV and V) are clearly in much better agreement
with the data. A graphical comparison of the observed
and fitted |F|? values is given in Fig. 12.

The Ni-O bond deformation patterns calculated from
models 1 and 2, using the parameter values in Table V,
are presented in Fig. 13. For model 1, Ad/d shows the
simple sinusoidal modulation with period 1/2¢ that was
built into the model; the peak-to-peak amplitude is 0.8%.
For model 2, the bond displacement pattern appears
much less regular. The underlying periodicity becomes

TABLE IV. Comparison of the observed values of |F|? for the gz, peaks with those calculated
using the models discussed in the text. The values of x? obtained for the two models are given at

the bottom.
(h’ k, l) G+ 82e |F|§bs |F|zalc
Model 1 Model 2

(0.45,1,0) (1,1,1) — gae 0.00(1) 0.02 0.02
(1.55,1,0) (1,1, -1) + gae 0.04(1) 0.08 0.09
(2.45,1,0) (3,1,1) — gac 0.41(3) 0.23 0.24
(3.55,1,0) (3,1,-1) + ga. 0.64(3) 0.65 0.65
(0.45,3,0) (1,3,1) — gac 0.08(2) 0.00 0.04
(1.55,3,0) (1,3,—1) + g2 0.21(3) 0.22 0.24
(0.55,0,1) (0,0,0) + gac 0.01(1) 0.01 0.02
(0.55,0,3) (0,0,2) + gae 0.01(1) 0.00 0.01
(0.55,0,5) (0,0,4) + gae 0.14(1) 0.01 0.02
(0.55,0,7) (0,0,6) + gac 0.04(3) 0.01 0.02
(1.45,0,1) (2,0,2) — gae 0.00(1) 0.08 0.02
(1.45,0,3) (2,0,4) — gac 0.02(1) 0.02 0.03
(1.45,0,5) (2,0,6) — gae 0.06(4) 0.06 0.02
(1.45,0,7) (2,0,8) — gae 0.00(2) 0.10 0.02
(2.55,0,1) (2,0,0) + gae 0.07(2) 0.25 0.05
(2.55,0,3) (2,0,2) + gae 0.02(2) 0.08 0.10
(2.55,0,5) (2,0,4) + gae 0.13(2) 0.20 0.05
(3.45,0,1) (4,0,2) — gae 0.72(3) 0.35 0.70
(3.45,0,3) (4,0,4) — gae 0.42(2) 0.14 0.43

x2 7.0 4.3




TABLE V. Parameter values obtained in fitting models 1
and 2 to the observed values of |F |2 for the gz peaks.

Parameter Model 1 Model 2
Azo,a 0.013 A 0.018 A
Ayo, b 0.005 A 0.009 A
Aznia Azo,a 0.010 A
Azpaa —0.001 A —0.004 A
[’} e —0.322 rad

clear only when one looks at every second bond, as in-
dicated by the dashed lines in the figure. This pattern
results from the phase shift between the modulations of
the Ni and O displacements.

VI. DISCUSSION
A. Nature of the spin and charge order

We have shown that the superlattice peaks which ap-
pear in LayNiOy 125 below 110 K are consistent with a
cooperative ordering of spins and holes of the type shown
in Fig. 9(c). Both the spin and charge densities are si-
nusoidally modulated, with the spins oriented perpen-
dicular to the modulation direction. (The modulation
of the charge density is inferred from the directly ob-
served atomic displacements.) Although we have no di-
rect measure of the relative phases, we expect that the
maximum of the hole density modulation coincides with
the minimum of the spin-density wave. The maximum
magnetic moment per Ni site is quite close to the value
observed?® in undoped La;NiO,4. The large amplitude of
the spin-density modulation, together with the substan-
tial dopant-induced hole concentration, implies a very
strong modulation of the hole density.

It is difficult to quote an absolute magnitude because of
discrepancies between experimental and theoretical mag-
netic form factors.2? A recent theoretical study?3 of the
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FIG. 12. Values of |F|? for g2. peaks vs h%. Open circles,
observed values; filled circles, values calculated with model 2
(discussed in text).
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Ni%?* form factor found reasonable agreement between
calculations and measurements for KNiF3; and NiO; how-
ever, the form factor measured?® for La;NiOy falls sig-
nificantly below the calculated one at small Q. The form
factor we find for the 6 = 0.125 sample agrees well with
that measured for § = 0 (see Fig. 10). The discrepancey
with theory remains to be resolved.

We note that our experimental observations are com-
pletely consistent with those of Yamada et al.,'®> who
were the first to observe the incommensurate magnetic
order; however, our model for the order is somewhat dif-
ferent. The spin model shown in Fig. 6 of Ref. 15 has the
correct overall period, but is locally ferromagnetic rather
than antiferromagnetic. Thus, it corresponds to a mod-
ulation wave vector of (¢, 0,0), rather than the observed
(1—¢,0,0). Also, their proposal for ordering of the holes
is not consistent with our observation of second harmonic
peaks.

The fact that the spin and charge modulations are sinu-
soidal was a surprise to us; however, this conclusion is an
inescapable consequence of the observations. Deviations
of the spin modulation from a pure sine wave will induce
higher-order odd harmonics; indeed, we do observe a very
weak third-harmonic peak indicating a small distortion
of the spin-density wave. No even harmonics beyond the
second have been observed.

The role of the interstitial ordering with respect to the
spin and charge order is not yet clear. The change from
commensurate to incommensurate magnetic order, which
occurs between § = 0.105 and 0.116, is correlated with
a change in the interstitial correlations, from 1D staging
to 3D order.’? In both cases the magnetic order is long
range, but hole ordering has only been detected in the
latter case. To further investigate the change in behavior,
a study of the dynamical correlations in the paramagnetic
state of the § = 0.105 and § = 0.125 crystals is under way.

B. Comparison with theory

In discussing possible models of spin and charge order,
it was convenient to consider a hole density of one per
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four Ni atoms, consistent with the oxygen excess of § =
0.125 with two holes created per oxygen. Experimentally
the ideal splitting, € = % is not observed; instead, the
temperature-dependent splitting reaches a minimum of
0.271 at low temperature.*?'® As discussed previously,?
it appears that, instead of being incommensurate, the
order is actually long-period commensurate. Below 60 K
the dominant ordering corresponds to € = —13— To make
comparisons with theory it is useful to plot the spin and
charge densities for this case.

Figure 14 shows such a plot, with holes assumed to be
on the oxygens. The phase of the spin modulation with
respect to the lattice has been selected arbitrarily. The
hole density has been drawn with some artistic license.
In the previous section we saw that the bond-length mod-
ulation follows a somewhat complicated pattern, and its
relation to the charge distribution is not entirely obvi-
ous. As aresult, we have simply assumed that the charge
modulation is a simple sine wave that has its maximum
amplitude where the spin density is a minimum.

Our results look qualitatively quite similar to the cal-
culations of Zaanen and Littlewood.!® They find that the
hole-rich domain walls tend to be centered on Ni rows;
however, their charge distribution is asymmetric, and the
bond lengths do not have a simple, smooth variation.
Figure 14 indicates that, experimentally, there is a mix-
ture of domain walls centered both on Ni rows and on
O rows. We also observe a tendency to have a ferromag-
netic alignment of the reduced Ni spins at a domain wall,
consistent with the calculations.!® Perhaps the biggest
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FIG. 14. Pattern of spin density (on Ni ions, indicated by
arrows) and speculative charge density (on O ions, indicated

by circles) in two neighboring NiO2 planes for € = %
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discrepancy concerns the width of the domain walls rel-
ative to the antiferromagnetic background. The calcula-
tions yield sharp domain walls relative to their spacing
(although details are dependent on parameter values), in
contrast to the experimentally observed sinusoidal modu-
lation of the spin and charge densities. Variational Monte
Carlo analyses'®!! of the 2D single-band Hubbard model
indicate that narrow domain walls are an artifact of the
Hartree-Fock approximation. Broader domain walls help
to minimize the kinetic energy of the holes, although at
a cost in terms of the potential energy associated with
the antiferromagnetic spin order.

The idea that the spin and charge stripes prefer a long-
period commensurate order is based on the observed!?
tendency for € to lock in to values that can be expressed
as rational fractions of the form (n+m)/(4n + 3m). Ex-
amination of the unit cell shown in Fig. 14 suggests an ex-
planation for this particular formula. For € = %, which
corresponds to n = 2 and m = 1, we find for the z = 0
layer that there are 2n (= 4) domain walls centered (ap-
proximately) on rows of Ni atoms and 2m (= 2) domain
walls centered on O rows. The pattern is approximately
reversed for the z = % layer, with 2n O-centered and 2m
Ni-centered domain walls.

The theoretical explanation'? for the insulating behav-
ior follows from the 1D nature of the ordering. With one
hole per domain wall unit cell, a Peierls distortion can
open a gap in the conduction band, resulting in a finite
excitation energy for conduction. The nominal hole con-
centration and domain wall periodicity in our § = 0.125
sample are very close to this condition. Of course, the
fact that all domain walls are not equivalent will have
some effect on the electronic structure. Is it possible that
the observed periodicity and its temperature dependence
are related to the energy gain from opening a gap at the
Fermi level?

C. Comparison with La,_,Sr,NiO,4

We have shown?* recently that a similar cooperative
ordering of holes and spins occurs in Lay_,Sr,NiO,4. For
the samples studied (x = 0.135 and 0.20) the order
is only short-ranged, especially between different NiO,
planes. On the other hand, the incommensurate order
evolves more smoothly with hole concentration than in
the oxygen-doped case. The Sr-doped samples make it
clear that 3D order of the dopant ions is not required
to generate the 2D incommensurate order. Our model
of charge and spin order has some similarity to the
antiphase-domain picture originally developed by Brown
et al.?® to explain the first observation of incommensurate
mazgsnetic correlations in Laj gSrg 2NiO4_s by Hayden et
al.

At higher Sr-doping levels, Cheong and co-workers27:28
have found evidence for charge-ordered states corre-
sponding to hole concentrations of % and % Electron
diffraction measurements show superlattice peaks that,
using our notation, can k;e described by a modulation

wave vector gz with e = 5 and %, respectively. Chen et

al.,?" using a different choice of modulation wave vector,
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FIG. 15. Proposed progression of spin and charge modula-
tions in NiO3 planes with increasing hole concentration.

interpreted the diffraction results in terms of the ordering
of polarons. For € = % the polaron lattice description is
essentially the same as the ordered domain wall picture—
a row of Ni-centered polarons is equivalent to a domain
wall; however, at € = % the two descriptions are distinct.
Chen et al.?” propose a structure in which the rows of
polarons are broken up by periodically spaced defects
(polaron vacancies). Such an ordering is appropriate if
one requires the holes to be centered about Ni sites. On
the other hand, our results for La;NiOy4 ;25 indicate that
holes can be centered on O rows as well, and such an
ordering makes it possible to maintain the domain wall
description at € = 1, as illustrated in Fig. 15. (Note that
the corresponding spacing of the domain walls is 2a. Za-

2
anen and Littlewood!? suggested a model in which every
third domain wall is removed from the =z = % lattice.

Such a structure has the same domain wall density as
our model, but is extremely nonsinusoidal. It would re-
sult in strong higher harmonics, which have not been
reported.2”) A neutron diffraction study of both the spin
and charge ordering at = % would help to resolve this
situation.

D. Possible relevance to La;_,.Sr,CuOg4

Neutron scattering studies?® 3! have revealed incom-
mensurate peaks in the dynamical spin susceptibility of
Las_Sr,CuQOy4. As in the nickelate case, four peaks are
observed, split about the antiferromagnetic wave vector,
but rotated by 45° compared to the nickelates. The
“standard” interpretation of these features has been in
terms of the response of electrons near the Fermi level,
with the Q dependence determined by the shape of the
Fermi surface.3273¢ Another probe of the spin suscepti-
bility is nuclear magnetic resonance (NMR). The Mila-
Rice-Shastry model3®:3¢ implies a simple connection be-
tween the nuclear relaxation rates measured at Cu and O
sites, on the one hand, and the susceptibility measured
directly by neutron scattering on the other. However, re-
cent comparisons of the neutron and NMR results have
found that the straightforward analysis leads to substan-
tial inconsistencies.37-38

One proposal3® for reconciling the neutron and NMR
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results involves the invocation of an ordering of the
charge in domain walls. In such an interpretation, the
facts that the inelastic magnetic peaks measured by neu-
tron scattering are split away from the antiferromagnetic
wave vector and have a relatively small Q width imply
that the domain walls must be periodically spaced, with
a substantial correlation length. The lack of higher har-
monics indicates a sinusoidal modulation of the spin den-
sity. The required correlations are just the same as those
we have found in the nickelates, except for two differ-
ences: the domain walls are rotated by 45° with respect
to the simple square lattice (i.e., vertical, rather than
diagonal, domain walls), and the correlations are purely
dynamical. It will be interesting to see whether proper
calculations based on such a model can give a consistent
and unified interpretation of the experimental results.

Of course, if a correlated phase of charge and spin
stripes exists in Las_,Sr,CuQy4, the implications for
models of the normal state electronic properties are more
than a minor perturbation. Indeed, Emery and Kivelson?
have argued that such correlations are responsible for
many of the anomalous normal state transport proper-
ties observed in the superconducting cuprates. One ob-
vious objection to comparing the cuprates to the nicke-
lates is that the cuprates are metallic while the nickelates
are not; however, the insulating behavior of the ordered
domain wall phase in the nickelates is presumably asso-
ciated with half-filled domain wall states. A deviation
from this filling fraction should lead to metallic behav-
ior. In fact, an estimate for La; g5Srg.15CuQy4, based on
the positions of the incommensurate peaks observed by
neutron scattering,?® 3! suggests that the hole density
per domain wall should be roughly half that in the nick-
elates. Thus, a correlated domain wall phase should not
be inconsistent with metallic behavior.

The correlated domain wall phase also gives a possi-
ble explanation for another mystery. The superconduct-
ing transition temperature in La,_,Ba,;CuO4 shows an
anomalous depression at £ = 0.125.3° A phase transi-
tion from the low-temperature-orthorhombic to the low-
temperature-tetragonal phase has a nonunique associa-
tion with the disappearance of superconductivity and loss
of metallic conductivity.?® If at £ = 0.125 the domain
walls were to lock into a commensurate periodicity, the
change in transport properties might be explained. If the
commensurability energy caused a change in the domain
wall hole concentration to one hole per site, an energy
gap could open, resulting in insulating behavior. On the
other hand, simply pinning the domain walls might be
sufficient to eliminate the superconductivity. In either
case, the commensurate pinning should result in the ap-
pearance of both spin- and charge-related superlattice
peaks. An experimental search for such order will be
reported elsewhere.*!

VII. SUMMARY

We have presented a comprehensive quantitative anal-
ysis of the superlattice peaks that appear at low temper-
ature in LasNiOy4 125. The ordering of oxygen intersti-
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tials below ~ 310 K is characterized by wave vectors g;
and g;. The interstitials arrange themselves in a some-
what complicated pattern that requires a unit cell of
3a x 5b x 5¢ and corresponds to an ideal oxygen excess of
d= % per formula unit. Most of the scattered intensity
comes from the displacements of apical O and La atoms
in the lattice.

The ordering of spins and charges below 110 K is char-
acterized by wave vectors g. and gs., respectively. The
ordering involves sinusoidal modulations of the spin den-
sity and the Ni-O bond lengths within the NiO, planes. It
can be viewed as alternating stripes of antiferromagnetic
and hole-rich regions, with the hole-rich regions acting
as antiphase-domain boundaries. The positions of the
domain walls are staggered in neighboring layers as one
would expect due to Coulomb repulsion. The maximum
magnetic moment per Ni ion is close to that in undoped
La;NiOy4, and the spins point transverse to the modula-
tion direction.

The observed spin and bond-length correlations are
quite similar to the results of calculations by Zaanen and
Littlewood!? using a multiband Hubbard model with pa-
rameters appropriate to a NiO; plane. The physical real-
ization of such a stripe phase provides further motivation
for considering the applicability of such correlations to
the cuprates.? On the experimental side, it will be inter-
esting to see whether unique evidence can be found for
domain wall correlations in the cuprates.

ACKNOWLEDGMENTS

We gratefully acknowledge valuable discussions with
V. J. Emery and J. Zaanen, and we thank J. D. Axe
for a critical reading of the manuscript. Work at
Brookhaven was carried out under Contract No. DE-
AC02-76CH00016, Division of Materials Sciences, U.S.
Department of Energy. D.J.B. and V.S. acknowledge
support from the National Science Foundation under
Contract No. DMR-8914080.

APPENDIX: STRUCTURE FACTOR FOR THE
ORDERED INTERSTITIALS

To describe the structure factor corresponding to
atomic displacements we have expressed the displace-
ments in the nth elemental unit cell in terms of the fac-
tors cos(g; -R,) and sin(g; - R,). We wish to include the
contributions due to scattering directly from the intersti-
tials in a similar form. Since not all elemental unit cells
contain an interstitial, we can write the structure factor
for the interstitial in the nth cell as

Fn = F‘iéniy (Al)
where 7 labels those cells that actually contain an intersti-
tial. The problem is then to write d,; in terms of factors
such as cos(g; - Rn).

Let R, = (z,a,Ynb, znc); then, considering the period-
icity of the interstitial ordering, it is convenient to define
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the relative coordinates

z), = z, mod 3,
yh = yn, mod 5,
2z}, = z, mod 5.

Since we have distinct orderings along the z and y direc-
tions, corresponding to g; and g2, we must write 4,; as
the product of two Kronecker deltas, so that

Fn = E Fa,t‘s:;,a&y;‘+z;‘,ta

8,t

(A2)

where the indices s and t can each have the values +1
and —1. For our model of the interstitial order we require

1 ifzl, =21,
Oat, 1 = { 0 otherwise, (A3)
[ 1 ify, + 2z, = +1, FL5,
Oyt et 1 = { 0 otherwise, (A4)
and
Fiy, 41 = em(FDeEiz (h=kt]) (A5)
F:hl,—-l — e—iwle:ti%(h—k+l). (A6)
The Kronecker deltas can be written as
1(1 ™
(szi.,:lzl = § {5 [1 —cos3 (gl ‘R, F 5)]
— cos (g1 ‘R, F %)
+ cos 2 (gl ‘R, F ;_r)} (A7)
and
1 2
Oyt 4z, £1 = 3 [1 + 2cos (gz ‘R, £ %)
27
+2cos2(g2-Rni?>}. (A8)

If we consider g/ instead of g, there are some sign
changes that we will take into account below.

To determine the contributions to different diffraction
peaks, we multiply out factors in Eq. (A2), and collect
terms proportional to cosm(g; - R,) and to sinm(g; -
R,). (Cross terms average to zero when the intensity
is calculated properly, and so are of no consequence.)
Terms corresponding to m = 0 (and m = 3 for j =
1) contribute to the fundamental Bragg peaks; they are
negligible compared to the scattering from the lattice,
and so have been ignored. The m = 2 terms determine
the intensities of the second harmonic peaks, which we
have not studied with any care. Here we consider just
the first harmonic m = 1 terms. We can define partial
structure factors f. and f, for each of the modulation
wave vectors by analogy with Eq. (11). To simplify the
expressions, we first define
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2 _; x
fI — Ige—nr(nk+l) cos i(h+'qk+l)’ (A9)
where
| 41 for gy and g5,
= { Z1 for gy (A10)
We then find for g;
fo=—Ffr(1 + e™) cos =, (A11)

3

fo = —ifr(1 +€™*)sin g" (A12)
and for g» and g}
2
fe = f1(1 + cosk + insin k) cos ?ﬂ, (A13)
o . 2w
fs = fr[n(1 — cos k) — ¢sin wk] sin 5 (Al4)
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