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We report polarized- and unpolarized-neutron inelastic-scattering measurements of the magnetic excitation
spectrum in the spin-charge ordered phase af.58,,NiO4. Up to energies of~30 meV we observe broad
magnetic modes characteristic of a near checkerboard ordering. A linear spin-wave model for an ideal check-
erboard ordering with a single antiferromagnetic exchange interagt®b.8+0.5 meV between next-nearest-
neighbor spins on Nf sites, together with a smaXY-like single-ion anisotropy, provides a reasonable
description of the measured dispersion. Above 30 meV the excitations are not fully consistent with the linear
spin-wave model, with modes near the two-dimensional reciprocal space wave (&6t00.5 having an
anomalously large intensity. Furthermore, two additional dispersive modes not predicted by spin-wave theory
were observed, both of which are probably magnetic. One disperses away0i®ng.5 in the energy range
between 50—-56 meV, and the other appears ardhnk) type positions(h,k=integey in the energy range
31-39 meV. We propose a model in which these anomalous features are explained by the existence of
discommensurations in the checkerboard ordering. At low energies there is additional diffuse scattering centred
on the magnetic ordering wave vector. We associate this diffuse scattering with dynamic antiferromagnetic
correlations between spins attached to the doped holes.
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I. INTRODUCTION elate La,,Sr;;oNiO,4. This compound exhibits checkerboard

The existence of charge-ordering phenomena continues ﬁﬂarge order belowco~480 K2’ Below Tic~180 K the
attract considerable interest, especially concerning the proggneckerboard pattern becomes slightly incommensurate, and
erties of layered transition-metal oxides. The nature of th elow Tsoz 80 K It is acg:ompanled by. Incommensurate
charge ordering in these materials depends on the degree B2gnetic ordef.A spin-reorientation transition has been ob-
doping relative to a Mott insulating phase. At low doping the S€Tved atTsg=57 K By mapping out the spin-excitation
charges tend to segregate into parallel lines. The resultin%pectrum of Lg,Sn;NiO, as a function of energy and wave
stripe superstructures have been widely discussed in conne¥gctor and comparing the dynamic response with that of
tion with high-temperature superconductivity in cuprdtas. ~ Other charge-ordered compounds we hope to gain a better
higher doping there is a competition between charge-ordereﬂ”der,Sta”d'”g of the interactions that stabilize the ground
and metallic states. The existence of magnetic correlations Rate in these systems. .
also an important factor, and the coupling between charge, Prewou_sly, th_e Spin-excitation spectrum 0f,L&KNIO,
orbital, spin, and lattice degrees of freedom can often stabi’@S Peen investigated over a wide range of wave vector and
lize novel ordered states. energy 10|n strlpe—orgelged compouncjs .WItN:0.27.5,

At half doping, systems with dominant Coulomb repul- X=0-31," and x=1/3.%"*The spin excitations are highly
sions are expected to exhibit a stable Wigner crystal statdV© dimensional2D), and fairly independent of over this
which in the case of a two-dimensional square lattice takeS™a!l range of compositions studied. Over most of the en-

the particularly simple form of a checkerboard pattern. This€f9Y range the magnetic dynamics can be described in terms
f spin-wave excitations of the antiferromagnetically ordered

type of charge order has been observed in the isostructur%i spins in the region between the charge strifest low

layered perovskites lsgSr;,NiO4,% Lay,Sr,Mn0,,° and h ; .
Lay,,Sr,,C00,.4 Interestingly, checkerboard charge order €nergies, however, a second magnetic component is observed

has also recently been observed at doping levels well belof’@t has been shown to come from quasi-1D antiferromag-
0.5 in Bib,SKLCaCuyOg.s (Ref. 5 and Ca_NaCuOCl,®  Netic spin quptuanons along the stripes themseldes. .
with a periodicity of four Cu atoms. Further experimental ~Figure 1 illustrates how the different ordered phases in
studies of simple systems with checkerboard charge orddfas2Sn2NiO,4 can be identified in diffraction measurements.
could help explain the formation of electronically orderedFigure Xa) is a simplified model of the ground-state spin-
states in more complex systems. charge order within the Ni©layers of Lag,Sr,NiO4 ne-

In this paper we describe a neutron-inelastic-scatteringylecting the small incommensurate modulation. For present
study of the spin excitations in the half-doped layered nickpurposes we assume the doped holes are site centered, so that
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J The actual spin-charge-ordered phase of,4S1;,,NiO,
s observed belowT,: does not conform to the ideal struc-
° ture shown in Fig. (@. Instead, the magnetic Bragg
‘ peaks are found at the incommensurate positiﬂnﬁ%,

‘ o k+3,1)£(e/2,e/2,0) with | an odd integer andh+3,
k+%,|)i(e/2,—e/2,0) with | an even integer, where

_ f ~0.44.[7,8,13 New charge-order satellite peaks appear at

; o) (hte,kte) in addition to the checkerboard charge-order

(@) peak ath+3,k+3), with little or nol dependencé8 The full

set of 2D magnetic and charge-order wave vectors for the

® Spin order Bragg reflections . . . .
° P 99 ' incommensurate phase of 44#5r,,NiO,, including those for

Charge order Bragg reflections the 90° domain, is shown in Fig(d).

Kajimoto et al.” suggested that two types of charge order
k Gommensurate k  Incommensurate coexist in the incommensurate phase, one part of the system
A Spin-charge order A Spin-chargeorder o charge ordered in a checkerboard pattern and the other

0.75 o . 0725 . . part adopting an incommensurate, stripelike, spin-charge or-
e der. These authors developed models for the latter compo-

05 - 05 nent based on the introduction of diagonal discommensura-
tions in the ideal checkerboard spin-charge structure of Fig.

0.25 - o o 0.275 - o o 1(a). As pointed out by Kajimotat al, the stability of the

incommensurate structure is probably the result of a compe-

—T— >’ —r—> tition between magnetic and electrostatic energy. The strong

(b) 0.25 05 075 © 0.275 0.5 0.725 superexchange interaction favors having antiparallel spins on

nearest-neighbor Ni sites, whereas the Coulomb interaction

FIG. 1. (Color onling (a) Ideal checkerboard spin-charge order- tries to have a uniform charge density.

ing in a NiO, square lattice. Circles represent®Nholes and solid
arrows represent spins onisites. The broken lines are included
to highlight that the spin pattern breaks the 2D symmetry of the

checkerboard charge orderindy. is the exchange coupling param- Il. EXPERIMENTAL DETAILS
eter of the Ni* spins across the Rii site. This commensurate or-
dering is not realized in practice in kgSr;,NiO,. (b) Diagram of The neutron-scattering measurements were performed on

part of the(h, k) plane in 2D reciprocal space showing the positionsa single crystal of Lg,Sr;,NiO4 grown by the floating-zone
of the first-order magnetic and charge order Bragg peaks for thenethod!> The crystal was a cylinder 35 mm in length and

ideal checkerboard ordering representedain The peaks from the 7 im in diameter. The oxygen content of the crystal was

equivalent domain in which the magnetic ordering is rotated by goodetermined by thermogravimetric analysiGA) to be

relative to that in@ are superimposedc) The same diagram &b) 4.02+0.01. This is the same crystal that was used in our

except with the magnetic and charge order Bragg peaks observed i~ . . .
the incommensurate ordered phase of 43, ,NiO,. For simplic- earlier neutron-diffraction and magnetization study of the

ity we neglect the variation in the peak positions in the directionMagnetic O_rd_eq" . .
perpendicular to the NiQplane. The majority of the unpolarized-neutron-scattering mea-

surements were performed on the time-of-flight chopper

_ _ _ . spectrometer MAPS at the ISIS Facility. The crystal was
the checkerboard pattern is derived from aIterpatmﬁ BNd  mounted on MAPS in a closed-cycle refrigerator and aligned
Ni®* ions carrying spinsS=1 andS=3, respectively. Th&S  yjth the ¢ axis parallel to the incident beam direction. A
=1 spins are assumed to be ordered antiferromagneticallg.ermi chopper was used to select the incident neutron en-
but we make no assumption at this stage about magnetigrgy. Incident energies of 60 and 100 meV were used. The
order of theS=5 spins(this issue will be addressed later in intensity was normalized and converted to units of scattering
the pape. The positions in reciprocal space of the corre-cross section(mb sri meV-*[f.u.]™)) by comparison with
sponding Bragg peaks are shown in Figo)1Peaks from the  measurements from a standard vanadium sample. Scattered
charge order have two-dimensional wave vectorainits of  neutrons were recorded in large banks of position-sensitive
2m/a) (h+3,k+3), whereh andk are integerd? The mag-  detectors. The spin dispersion was found to be highly two
netic order has double the periodicity of the charge order, s@imensional. Hence, we analyzed the data by making a series
peaks from the magnetic order appeaﬂait%,k+ %)i(%,i). of constant energy slices and projecting the intensities onto

Rotation of the ordering pattern by 90° generates an equivahe (h,k) two-dimensional reciprocal lattice plane.

lent magnetic structure, this time with magnetic peakéhat Further unpolarized- and polarized-neutron measurements
+2,k+3)(3,-3). In the absence of a symmetry-breaking were performed on the triple-axis spectrometers IN8 and

interaction we expect an equal population of these two doiN20 at the Institut Laue-Langevin. The energies of the inci-
mains, so the pattern of Bragg peaks will be a superpositiorgent and scattered neutrons were selected by Bragg reflection
as shown in Fig. (). from a double-focusing bent Si crystal monochromator on
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IN8, and an array of Heusler alloy crystals on IN20. On bothso that (h,h,l) positions in reciprocal space could be
instruments the data were obtained with a final neutron wavaccessed.
vector of 2.66 A, and a pyrolytic graphit¢PG) filter was

placed between the sample and analyzer to suppress higher- Il RESULTS
order harmonic scattering. For polarized-neutron scattering '
on IN20 the spin polarizatio was maintained in a speci- Figures Za)-2(c) show constant-energy slices from runs

fied orientation with respect to the neutron wave veQdsy  performed aff=10 K on MAPS!® The slices have been av-

an adjustable guide field of a few mT at the sample positioneraged over a range of energies, as indicated in the figures. In
For the experiment on IN8 the crystal was orientated with(a), the range is 4—6 meV, and the intensity is seen to be
the[100] and[010] crystal directions in the horizontal scat- enhanced at the four equivalent magnetic order wave vectors
tering plane, so thath,k,0) positions in reciprocal space (0.5,0.5+(e/2,e/2) and (0.5,0.9+(e/2,-€/2), where €
could be accessed. On IN20, we mounted the crystal with the=0.44. This signal, therefore, corresponds to low-energy
[001] and[110] directions in the horizontal scattering plane, spin excitations from the magnetically ordered ground state.
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60 T T T T the form of a single peak centred on the magnetic wave
& &) - vector. The fitted Gaussian width of this peak converts to a
50 L L. i correlatio_n length of 35+1 Athe inverse of the half width at
o half maximun). At energies of 25—30 meVFig. 2(e)] the
77N 77N line shape is also centered on the magnetic wave vector, but
40 | / \ /N - it now contains two peaks which can just be resolyad-
= / Ver /N P B | . )
% ” \ " \ other example can be seen in Figgg. The fitted width of
E ol ! ‘\ - (e ‘\ i these peaks corresponds to a correlation length of 24+2 A.
& ” i l’ . \ As the energy increases, the right hand of the two peaks
L;:':j 1 “ - ! o ‘\ grows while the left-hand peak diminishes. This asymmetry
20 " \ ,' \ - is not instrumental in origin, e.g., a resolution or background
! ‘\' 1" ‘\ effect, because we observe it in scans measured under very
10k ,’ |"' " . \\_ different conditions on different spectrometers. Above
! v ! \ E=40 meV the left-hand peak has virtually no intensity, as
|,' . . l‘,‘ . . [ can be seen in Fig.(.
00 0.1 0.2 0.3 04 0.5 Figure 3 shows the dispersion of the spin excitations ob-

tained from Gaussian fits to the peaks observed in cuts such
as those displayed in Figs(@—2(f). The points in Fig. 3 are
FIG. 3. (Color onling Dispersion of the magnetic excitations in th_e fitted peak centers qurected for the eﬁ_eCt O_f the nonzero
Lag),Sr,,NiO, parallel to the(¢,&) direction. The points are the width of the cut perpendlcular to the cut d|r_ect|on. For this
results of fits to cuts such as those shown in Fig. 2. The broken lineBUrPOSe the scattering was taken to be a circle centered on
are calculated from Eq2), the spin-wave dispersion for a check- theé magnetic wave vector. Within the experimental limits of
erboard ordered system with exchange param¥te6.8 meV and ~ Our data the dispersion was found to be the same in orthogo-
out-of-plane anisotropy,=0.05 meV. The two branches of the nal cut directions.
dispersion curve are separated at low energies by a small anisotropy In constructing the dispersion curve we had to take care to
gap which can clearly be seen in Figlbp Triangles above the avoid confusing the scattering from magnetic excitations and
calculated dispersion curve indicate the positions of an additiongbhonons, especially in the energy range 10—40 meV, where
observed scattering mode. The shaded area represents the regiorttie phonon scattering is particularly strong. One check we
which additional scattering hampers the study of the spin-wave exmade was to compare data obtained at 300 K with that ob-
citations, see Fig. 5. tained at 10 K. Phonon scattering increases in strength with
temperature, whereas magnetic scattering decreases in
As the energy increases, the intensity spreads out but initiallgtrength above the magnetic ordering temperature.
remains centred on the magnetic wave vectors. This can be At energies above 50 meV we observed a broad ring of
seen in Fig. ®), which shows data averaged over scattering centered di®.5, 0.5. This is illustrated in Fig. 4,
25-30 meV. At still higher energies the four blobs of inten-which shows(a) a constant-energy slice averaged over the
sity tend to merge toward®.5, 0.5. This is illustrated inc),  energy range 51-54 meV ar(@) a cut through this data
which corresponds to an energy range 40—45 meV. along the line(¢,1-¢) direction. This mode disperses away
In Figs. 4d)-2(f) we plot cuts through the data in the from (0.5, 0.5 with increasing energy, but was too weak to
(&,€) direction for the same energy ranges as used in Figsneasure above 56 meV. This scattering was found to be
2(a)—2(c). At low energiesE=4—6 meV, the scattering takes slightly weaker at 300 than at 10 K, which suggests a mag-

E(r.lu.)

4~ T T T T T
51<E<54 meV, E,;= 100 meV — E =51-54 meV (£,1-E,0)
i o - E E, = 100 meV E
0.8 —; 351 # ]
[od p 1 \
£
= 08 5 3| } **ﬁﬁ { + }-
=) 2 ‘
T 04 £ 4
0.2 é 251 # |
[}
0 £
0 05 1 2 L 1 1 1 1 1
(h, 0) 0 02 04 06 08 1

(a) (b) E(rlu.)

FIG. 4. (Color online Neutron-scattering measurements frombar; ,NiO, measured on MAPS &t=10 K. (a) Constant-energy slice
through the data showing the intensity distribution in thek) plane in the energy range 51-54 meV. The slice reveals weak diffuse
scattering symmetrically distributed arourd.5, 0.5. Data from four equivalent Brillouin zones have been averaged to improve the
statistics.(b) Cut through the 51-54 meV slice along the path indicated by the arrd®).in
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33<E<37 meV, E, = 100 meV
180 T=10K sl L

.t

k (rlu.)

FIG. 5. (Color online Excita-
tions from La;,Sr,NiO, (8

o Distribution of scattering intensity
15 & .
i 5 : in the (h,k) plane measured on
@ ) h (rlu.) MAPS atT=10 K. The scattering
o has been averaged over the energy
31<E<33 meV, E, = 100 meV 33<E<35meV, E,= 100 meV  35<E<37 meV, E, = 100 meV range E=33-37 meV. (b)—(d)
1 = 1 = 1 e " Slices through the scattering in-
et . R i .
HE " iy tensity measured dt=10 K in the
50-5 ﬁ':- £, ,TO~5 Pl — 0.5 ‘j: o (h,k) plane averaged over the en-
B | 2 ol T | 2 . ko ﬂ_ " ergy ranges(b) 31-33 meV,(c)
SRR 1 B = W 33-35 meV/(d) 35-37 meV. The
05 o 05 W 05 f_'%_: - data in the MAPS detector have
' K1 ) . ’ L been folded to take advantage of
1 A 1 3 the symmetry of the scatteringg)
0 05 1 15 0 05 1 15 0 05 1 15 Cuts through the data shown (0
(b) h(rlu.) () h(rlu.) (d) h(rlu.) along a line parallel to théh,h)
: . ; direction passing througiil, 0).
1B =Es3smel. [e10k |; The data atT=10 and 300K,
3l 300K have been offset by 5 units.
—; The lines in(e) are the result of
210 fitting the points with two Gauss-
" ian functions on a sloping back-
E - ground.(f) Scans of the scattering
2 5 observed at E=25meV for
g T=1.5 and 300 K measured on
£ 4 (€ €)+ (0.5, 0.5)4 IN8. (g) A scan through the spin
0 0.2 04 0.6 0.8 wave dispersion dE=30 meV for
(e) g (rlu) T=1.5 K and 300 K measured on
5000 ' ' ' , ' 6000 ' , . IN8. The 300 K data irff) and(g)
E =25 meV e 15K E =30 meV, e 15K have been offset by the addition of
(. 2-E,0) m 300 K 5500 - (£, £, 0) = 300 K|[] 1000 counts.
= 4000} =" { =
& L - £ 5000 K
i ' " "o & gad " Fadaiad
] o . 24500 L wa#
=3000r % em, o "1 & Be
£ o o wil @8%ie @ 4000 | i
3 ) oe 2 3500 T
© 2000 °, .° 8 I : "
o* 30001, + + * ST
1000 — 2500 - - :
14 16 18 2 22 24 26 1.1 12 13 14 15

® E (rlu.) () g(rlu)

netic origin for it. We have added the peak positions of thisandk are integers. Figuregd®—-5(d) present constant-energy
scattering to the dispersion curve in Fig. 3. slices through this scattering centred on energies of 32, 34,
In the energy range 31-39 meV we observed an interesand 36 meV. In these slices the symmetry-equivalent data
ing scattering feature separate from the main spin wave scaltrave been folded into one quadrant to improve the statistics.
tering. Figure %a) shows the distribution of intensity mea- The intensity is seen to disperse away from the0) point.
sured on MAPS for energies averaged over the rangén these measurements the out-of-plane component of the
33-37 meV covering a large area of reciprocal space. Thiscattering vector varies frot=2.5 to 4. A search was made
intensity map displays strong diffuse scattering rings cenwith the IN8 spectrometer of other Brillouin zones in the
tered on the reciprocal lattice zone centénsk), whereh  (h,k,0) reciprocal lattice plane. This survey confirmed the
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results found on MAPS, showing that the scattering was not
restricted to a particular out-of-plane component of the scat-
tering vector.

To assess whether or not this scattering is magnetic we
performed measurements as a function of temperature. Cuts
through the MAPS data at 10 and 300 K are shown in Fig.
5(e). These data show the scattering to decrease slightly with
temperature, being approximately 45+12% stronger at 10 K
than at 300 K. We also observed similar scattering in the
range 25-30 meV. Figure( showsQ scans through the
point(2, 0, 0 at an energy of 25 meV for temperatures of 1.5
and 300 K, measured on IN8. The scattering here appears to
be temperature independent. To understand these temperature
effects we need to take into account that this diffuse
scattering ring overlaps the magnetic ordering wave vectors,
so will contain some spin-wave scattering. The spin-wave
scattering itself will, of course, be temperature dependent. To
illustrate this we show in Fig. (§) scans through the spin-
wave scattering associated with the magnetic wave vector

500000)

Intensity (counts/mon

400

300

200

100

200
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x=1/3

__ ¢¢¢¢¢¢¢¢¢

(4/3, 43, 0)

O (4/3, 4/3,0) SF
© SFBGD

¢¢¢¢
PO
0 ¢Q

x=1/2 (1.275,1.275, 0)

O (1.275,1.275,0) SF
o SFbgd

&
'$?>+¢+

(1.5,1.9-(e/2,e/2) measured at a slightly higher energy # 4;}4,
(E=30 meV) on IN8 atT=1.5 and 300 K. The amplitude of ﬁl’ 4., ¢¢ 8 c’,) i
the spin-wave scattering clearly decreases with temperature. ¢ 0 ‘J?¢ Q ¢¢¢ 6 6
From this loss of intensity we can infer the temperature de- 4

pendence of the remaining component of the scattering in

Figs. 5a)-5(f). Our analysis indicates that Bt~ 35 meV the ¢ ¢ +
non-spin-wave component of the diffuse scattering ring pre- 6 ¢ ¢
sented in Figs. ®)-5(d) decreases in intensity with tempera-

ture, whereas @ =25 meV[Fig. 5f)] it increases with tem- 00 é
perature. This leads us to conclude that the diffuse scattering

around the Brillouin zone centers shown in Fig&)55(d) is

most likely magnetic in origin. _ _ FIG. 6. (Color online Polarized-neutron scattering from charge-
Further support for this conclusion was provided by eX-grgered La ,SrNiO, with x=1/3 and 1/2. Thelots show energy
amining data we have collected on crystals 0} L&,NiOs  scans performed at the magnetic ordering wave vector appropriate
with x=1/3 and0.275 under similar condition during a sepa- to each composition. The spin-fli{F) scattering was measured
rate experiment on MAPS. Constant-energy slices for with P|iQ, and the SF background was estimated from scans cen-
x=1/3 and0.275 in the energy range 31-39 meV do nottered away from the magnetic ordering wave vector. The measure-
show any diffuse scattering rings similar to those shownments were made at 10 K for=1/2 and13.5 K forx=1/3.
in Figs. 5a)-5(d), so this feature seems to be specific to
x=1/2. This makes it highly unlikely that this scattering The lower energy peaks were shown to be gaps due to spin
comes from phonons intrinsic to the host lattice ofanisotropy:!'8 Below these gaps the out-of-plane spin fluc-
La,_,SKNIO,. tuations are quenched. The origin of the higher-energy peak
For energies below 30 meV we performed additionalin the x=1/3 data, which was first discussed in Ref. 11 and
measurements with polarized neutrons. In this energy rang&hich was also found in similar data from crystals with
there is strong scattering from phonons, and polarized new=0.275 andx=0.37}8 remains a mystery. Of all the com-
trons were necessary to provide an unambiguous separati@@sitions studied, the one witk=1/3 exhibits this feature
of the magnetic and nonmagnetic scattering. We were paimost strongly. The absence of a corresponding peak in the
ticularly interested in studying the magnetic scattering as &=1/2 data seems to suggest that this peak is a property of
function of energy because earlier measurements ofompounds with static stripe order with a periodicity-e8
La,_SrNiO, compositions withx=0.275, 0.33, and 0.37 lattice spacings. The monotonic decrease in intensity above
had revealed unexpected structure in the energp meV inthex=1/2data is qualitatively consistent with the
spectrumtl 18 For these measurements the neutron polarizaexpected 1 dependence of the cross section for scattering
tion P was aligned parallel to the scattering vea@iso that  from antiferromagnetic spin waves.
the spin-flip (SP channel would contain purely magnetic ~ Finally, we describe a feature observed in the scattering
scattering. from Lag,Sr;,NiO, at low energies. Figure(@ is a map of
The most interesting finding is reproduced in Fig. 6,the intensity measured on IN8 covering part of thek,0)
which shows energy scans measured in the SF channel gfane in reciprocal space. The map was constructed from a
samples with compositiongs=1/3 andx=1/2 attheir re- series of scans performed parallel(tgh,0) at an energy of
spective magnetic ordering wave vectors. Thel/3 data 3 meV and a temperature of 2 K. Strong scattering can be
contains two peaks, one centered on 7 meV and the other @een centered on the magnetic ordering wave vectors, but
26 meV. Thex=1/2 data contains a single peak at 5 meV. additional weak diffuse scattering can also be seen centered

100 |-

bstypaty?

10 15 20 25 30 35
Energy (meV)
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In Figs. 1b) and 7c) are shown scans through the spin-
wave scattering and the diffuse scattering made along the
lines marked A and B, respectively, in Fig.al. Figure 1d)
displays the temperature dependence of the integrated inten-
sity of the peaks in these two scans. The intensity for scan A
is seen to increase with increasing temperature. This is due
partly to thermal population of the spin waves, and partly to
the reorientation of the ordered moment of thé*Nipins that
takes place at 57 R.Scan B, on the other hand, shows an
initial increase in intensity on warming which peaks at
around 20 K before decreasing at higher temperatures. This
decrease suggests that the diffuse scattering is magnetic in
origin, and the striking difference in temperature dependence
between the spin-wave scattering and the diffuse scattering
strongly indicates that they arise from two different magnetic
components in the system.

IV. DISCUSSION

Let us first summarize the key observations, and then pro-
vide some quantitative analysis. From the various neutron-
scattering measurements we have performed on spin- and
charge-ordered L»Sr;,,NiO, we have been able to identify
four distinct features(1) dispersive spin excitation associ-
ated with the magnetic ordering wave veci@), low-energy
diffuse spin dynamics also associated with the magnetic or-
dering wave vector but with a distinct temperature depen-
dence,(3) a probable magnetic mode dispersing fr¢ons,

0.5) at energies in the range 50—56 meV, ddda probable
magnetic mode dispersing frofin,k) type positions in the
energy range 31-39 meV. All these features are relatively
broad in wave vector, and therefore arise from dynamic cor-
relations that are short range in nature.

An obvious starting point for any analysis of the magnetic
excitations in Lg,,Sr;,NiO, is the ideal checkerboard spin-
charge-ordering pattern shown in Figal As far as the
spins are concerned, this is a simple two-sublattice antiferro-
magnet built fromS=1 spins on the Ni* sites. Spins at-
tached to the N sites are ignored for the time being. Fol-
lowing our previous work on stripe-ordereddu®r, sNiO 4,1
we adopt a spin Hamiltonian of the form

H=J0'X S S +K2 (S)2, (1)

(i.j i

Lag/»SroNiO, measured on IN8 at an energy of 3 meV and a tem-

perature of 2 K.(a) Map of the scattering intensity in thé,k, 0)
reciprocal lattice plane(b) and(c) Cuts along the lines marked A interactions between pairs of Ni spins in

the first summation describes the exchange

linear

where

and B in(a). (d) Temperature dependence of the integrated intensityNj2*- O - Ni3*-O-Ni?*bonds, and the second summation de-
of the peaks shown ifb) and(c). The lines are guides to the eye. scribes the smallXY-like, single-ion anisotropy. Here, as in

Ref. 11,J' is defined as the exchange energy per $pial-
tiply by 2 to obtain the exchange energy per bprndfe ne-

on these same positions. This diffuse scattering is S|ight|}g|ect the diagonal exchange couplings betweed' Nites
elongated in the diagonal directions, parallel to the discomwhich are needed to stabilize the spin arrangement but are
mensuration lines in the distorted checkerboard structureassumed to be small relative §. In effect, therefore, the
There was no observable elastic diffuse scattering, so thisystem is treated as two uncoupled square-lattice antiferro-
feature represents a short-range dynamic magnetic correlasagnets with lattice parametea.2

tion. We were able to follow the diffuse inelastic scattering The magnon dispersion derived from Ed) by standard

up in energy to~10 meV.

linear spin-wave theory is given by
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E(Q) =8J'S{(1 +KJ81)*-[¥(Q) + Kc/&]']z}l/z, 2) (a) AFM Discomme‘r;sur?]t’ion
where o N INfetodo
1 2 N \\j\ ° i ° '
AQ) = S[cog2Q,a) + cos2Qa)]. (3) b bofN et o
2 ) o} o N o
" - _ L. bod oo
The splitting of the two branches of the dispersion curve is
such that at the magnetic zone center one mode is gapped (b) FM Discommensuration
and the other is not. The size of the gap &(20'K,)Y2 fof o } o ¢ o
WhenK_<J' the maximum energy of the dispersion curve is o Oygen Centred o\}\x( o} o}
approximately 8'S. i | o o} o
In Fig. 3 we have plotted the spin wave dispersion along . o} o b oo}
the (¢,¢) direction calculated from EQq(2) with S=1, (I f o} o ?\i o

J'=5.8 meV, andK;=0.05 meV. These parameters were
chosen to match the observed maximum spin wave energy FIG. 8. (Color onling Two types of discommensuration that
~45m nd anisotr ~3 meV). Th in-wav -
(. > .eV) and a. otropy gap .3 eV) © sp a ? . could exist in La;Sr,,NiO, (Ref. 7. The spins on nearest-
dispersion curve is seen to provide a reasonable descriptiofl . L : :
of the experimental data, apart from the obvious shift fromnelghbor Ni sites havéa) antiparallel andb) parallel alignment,
. ’ respectively, in the discommensuratigndicated by a dashed line
the observed incommensurate wave ve¢®275, 0.275to pectively, | ' Hrationd y 0

. : Circles and arrows denote holes &l spins, respectively, on the
the ideal checkerboard wave vector(6f25, 0.23. There is Ni sites. The encircled crosses (h) denote the positions of an

no detectable scattering from spin-wave modes on the disyygen-centered charge stripe. The exchange interacliamsl J’
persion curve neaf=0 and¢=0.5 because the antiferromag- indicated in(a) couple spins on N¥ ions either on neighboring Ni

centered on0, 0) and (0.5, 0.5. ion (J').
From this analysis we can give a rough estimate of
the exchange and anisotropy parameters fgy,58 ,,NiO,. To explain these features unequivocally we need a com-

After consideration of the experimental errors, these arglete description of the static ordering, which we do not
J'=5.8+0.5 meV andK.=0.05+£0.02 meV. It is inter- have. However, the idea that the static incommensurate order
esting to compare these values with those derived from simiin La;,Sr;,NiO, can be understood in terms of an ideal
lar spin-wave analysis performed on other,L&r,NiO,  checkerboard pattern broken up periodically by discommen-
compositions. For x=1/3 the exchange parameters surations is physically appealifigand might provide some
were found to beJ=15+1.5 meV,J'=7.5+1.5 meV, and clues as to the origin of the various features in the spin ex-
K.=0.07+£0.01 me\}! where J is the exchange interaction citation spectrum.
between Ni* spins on nearest-neighbor lattice sites. For un- The two simplest types of discommensuration in the
doped LaNiO, the results were J=155meV and checkerboard pattern are illustrated in Fig. 8. The fiFsg.
K.=0.52 meV*® This comparison shows thdt andK. are  8(a)] has a line of nearest-neighbor antiparallel spin pairs
similar for x=1/3 andx=1/2, butthat K. is very much coupled by a superexchange interactibrexpected to be
larger in undoped L#NiO4. An explanation for why the close to 15 meV as found in the=0 andx=1/3 compounds.
single-ion anisotropy reduces so dramatically with doping isAround the discommensuration the local hole density is be-
so far lacking. low average. The secortFig. 8b)] has a line of holes on
We now discuss some of the obvious shortcomings of th@xygen sites, which increases the local hole density and
model. We have already mentioned that the magnetic ordeforces parallel alignment on neighboring Ni spins through
ing wave vector in Lg,Sr,NiO, is q,=(0.275,0.275not  the double exchange mechanism. We will refer to these as
(0.25, 0.25. Other problems arél) the spin-wave scattering antiferromagnetidAFM) and ferromagneti¢FM) discom-
intensity above ~25 meV becomes progressively more mensurations. More complex discommensurations involving
asymmetric abou,, with increasing energy, i.e., stronger on a greater degree of perturbation of the ideal checkerboard
the side nearest t1(0.5, 0.5—see Figs. &) and Zf), and pattern are also possible.
Fig. 5(g). This asymmetry disagrees with the spin-wave Discommensurations provide a mechanism for producing
theory for the model described above, which predicts a syman incommensurate spin-density-wave modulation of the
metric scattering intensity about the magnetic zone centecheckerboard pattern, as discussed earlier. At low energies,
(2) The extra scattering intensity observed arogdd, 0.5 the magnon dispersion is expected to be similar to that of the
above 50 meV, and arour(d,0) and equivalent positions in ideal checkerboard antiferromagnetic ordering, except that
the energy range 31-39 meV suggest extra magnetic modéise magnon dispersion is shifted away fr¢th25, 0.25 to
not present for a checkerboard orderi(g). The spin-wave the incommensurate wave vector, as observed.
scattering is very broad, implying that the spin waves propa- Let us focus, however, on the specific structure of the
gate only a few lattice spacings before being scattered adiscommensurations themselves, which is expected to influ-
decaying into another excitation channg@l) The source of ence the spin-excitation spectrum at higher energies. The
the low-energy diffuse scattering needs to be identified. = AFM discommensuration can be regarded as a zig-zag chain
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with AFM intrachain exchangel coupled to the checker- Lag,Sr;,NiO, is probably the same. Because thé"Nioles
board AFM background. The latter has exchageand are arranged on a near-checkerboard pattern in
J=2J'. Above the maximum energy of the spin-wave dis-Lag,Sr,,,NiO, the spin correlations among the¥sites are
persion(~45 meV) we might expect to observe spin excita- expected to be quasi-2D, consistent with the observed diffuse
tions characteristic of an AFM zig-zag chain. Because ther@cattering. The slight elongation of the scattering distribution
will be discommensurations running along both diagonalgs consistent with the introduction of a stripelike texture into
the scattering will take the form of a square of scatteringhe checkerboard pattern by discommensurations. The width
dispersing away fron(0.5, 0.5 type positions, where the qf the peak shown in Fig. (@) is roughly twice that of an
structure factor of the AFM “zi_g-z”ag chain is largest. Thisequivalent cut through the diffuse scattering from
could explain the observed “ring” of scattering apparently) 5 gy NiO,. This indicates that the correlations between

dispersing from(0.5, 0.5 at energies above 50 meV. At the NB* spins are weaker in LaSr, ,NiO,. The interpreta-

lower energies the spin excitations will have mixed checker_—tion of the diffuse scattering in LgSr, ,NiO, presented here

board and zig-zag chain character, and this could explain

) . . N
why the spin-wave scattering becomes stronger on the Siojg\_phes that there exists an AFM couplln_g between thé'Ni
nearest tq0.5, 0.5. spins that generates short-range fluctuations towards a check-

Similarly, FM discommensurations resemble FM Zig_Zagerboard ordering. The absence of static magnetic order on the

oo ADSETEE o
chains. Spin excitations with FM zig-zag chain character ard\”. Sites could have implications for recent predictions of

expected to be observable near to the structural zone centef¥Pital ordering in LgzSr,NiO,.2° ,

The strength of the intrachain double exchange is not known, Finally, it is worth comparing our results with those ob-
but this effect could account for the mode dispersing fromtained on other checkerboard charge-ordered compounds. To
(h,k) type positions observed in the energy rangeour knowledge, the only other such compound whose spin-
31-39 meV. excitation spectrum has been measured in detail is

Discommensurations could also be responsible for thd-as2Sn,2C00,.*! The spin-charge order is much closer to a
substantial widths of the spin-wave modes. In a region oferfect checkerboard pattern in the half-doped cobaltate than
commensurate checkerboard order a spin wave can prop#t the half-doped nickelate. The incommensurability ob-
gate freely, but when it encounters a discommensuration thgerved at low temperatures for 4.#n,,C00, is €=0.49?
uniformity of the magnetic order is interrupted sharply, compared withe=0.44 for Lay,Sr,NiO,4. Recall that for a
which could scatter the spin wave. In this case, the correlaPerfect checkerboard orde¢=0.5. The measured spin-
tion length of the spin-wave peaks should corresponXcitation spectrum of LSr,,CoO, exhibits a simple spin-
roughly to the average spacing between discommensurationdave dispersion extending up 16 meV, and a second mode at
Earlier we found the correlation length to be 24+2 A for energies around 30 meV which is relatively flafThe spin-
energies in the range 25—-30 meV, which corresponds to apvave dispersion does not exhibit any of the unusual features
proximately @/42, i.e., nine Ni positions when projected found in the case of LgSr;2NiO,. This can be understood
along the diagonal of the square lattice, which is the distancé, as argued above, the deviations from a simple spin-wave
between discommensurations according to the model prcpicture are due to discommensurations: the very small in-
posed by Kajimoteet al” Further support for the broadening commensurability of the cobaltate implies very few discom-
mechanism proposed here can be found from a comparisdRensurations are present. The absence of low-energy diffuse
of the widths of spin-wave peaks observed in neutronsScattering from the cobaltate also makes sense if the Co
scattering measurements of Lg8r,NiO, with x=0.275 and ions are in a nonmagnetic singlet ground state, as is believed
x=1/3° The x=1/3 spin-wave peaks show no measurableto be the case.
broadening, whereas the=0.275 peaks are broadened. This
is consistent with our broadening mechanism since the stripe
order ofx=1/3 iscommensurate and without discommensu-
rations, whereas that af=0.275 is incommensurate and V. CONCLUSIONS
does have discommensurations.

This leaves us one remaining feature of the spin- The spin-excitation spectrum of kaSr;,,NiO, has been
excitation spectrum to consider, namely, the low-energy diffound to contain a number of interesting features. We have
fuse scattering distributed around the magnetic orderingirgued that the low-energy diffuse scattering, which re-
wave vectors, shown in Fig. 7. As mentioned earlier, thissembles a similar signal previously observed in measure-
scattering has a different temperature dependence to the spiments on Lg;Sr;sNiO,, originates from antiferromagnetic
wave scattering, and from this we can conclude that it arisesorrelations among spins attached to thé*Nons. We have
from a different magnetic component to the ordered spinsalso argued that other strange features in the excitation spec-
Low-energy diffuse scattering was also observed in the spintrum of Lag;,Sr;/,NiO,, such as the probable magnetic modes
excitation spectrum of LSr 5NiO,4.2? In that case the dif-  of scattering dispersing frort0.5, 0.5 and (1, 0) type posi-
fuse scattering was almost one-dimensional and, similar ttions and the large intrinsic widths of the spin excitations,
the present case, there was no static component. can be understootht least at the level of hand wavin@

We attributed the quasi-1D diffuse scattering fromterms of a discommensuration model. The main obstacle in
Las;sSr3NiO, to dynamic AFM correlations among the the way of a more quantitative account of the spin excitation
S=3; spins attached to lines of fli holes in the charge spectrum of Lg,Sr,;,NiO, is the lack of a detailed model for
stripes, and the origin of the diffuse scattering fromthe ground-state order.
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