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Neutron scattering experiments on an insulating single crystal of Lal &Sro.&Ni04 show the presence of
strong two-dimensional incommensurate magnetic correlations in the Ni02 planes. At low temperatures,
T=2 K, these exist on time scales r & 10 " s. The typical side length of the correlated regions in the
direction parallel to the incommensurate modulation is equal to the average spacing between strontium
atoms.

PACS numbers: 75.25.+z, 64.70.Kb, 75.30.Ds

The discovery of high-T, superconductivity [11 has re-

vived interest in the relationship between the metal-
insulator transition and magnetic behavior in strongly
correlated electron systems [2]. The interplay between

these phenomena and superconductivity remains a subject
of considerable debate [3]. It is well known that
LaqCu04 is an antiferromagnetic Mott insulator [4], and

substitution of La with Sr or Ba leads to a suppression of
the antiferromagnetic ordering followed by a metal-
insulator transition and superconductivity [5]. We de-
scribe here an investigation of the eAect of Sr substitution
on the isostructural compound La2Ni04. The stoichio-
metric compound is also an antiferromagnetic insulator

[6,7] which can be made metallic at low temperatures by
extensive strontium substitution [8,9]. Our investigation
reveals that at smaller levels of substitution the system
exhibits novel two-dimensional incommensurate antifer-
romagnetic fluctuations.

Both stoichiometric La2Cu04 and La2Ni04 show

long-range commensurate 3D magnetic order character-
ized by an antiferromagnetic (AF) coupling of the
nearest-neighbor copper [4] or nickel [7] spins. The cou-

pling of spins within each metal-oxygen plane is much

stronger than that between spins in neighboring planes.
This makes the systems behave two dimensionally in

many respects. The propagation direction of the AF
structure is [100] in both cases (we adopt the Bmab con-
vention a (b (c in the orthorhombic phase), but the
spin direction is [010] in the case of the cuprate and

[100] for the nickelate. The La2-, (Ba,Sr),Cu04 series
has been the subject of many investigations [10-12].
With doping x, the long-range order is suppressed by
x =0.02 and replaced by short-range 2D commensurate
correlations with a correlation length g determined by the
separation of the dopant atoms [5,11]. For x )0.02, the
material shows a metallic temperature dependence of the
resistivity [5]. At larger doping levels, e.g., x=0.075,
incommensurate short-range correlations have been re-
ported in the metallic phase [11]. These have recently

been mapped out in detail by Cheong et al. [13]. The
maximum T, for the superconductivity is reached for
x=0.15. La2 —,-Sr„Ni04 can also be made to exhibit
metallic behavior at low temperatures [8,9] but for much

larger levels of substitution, x = 1. However, in contrast
to the cuprate system, bulk superconductivity has not
been found for any x. We find for x =0.2, in the insulat
ing phase, that the 3D magnetic order is suppressed and

replaced by 2D incommensurate correlations.
Our experiments were performed on a single crystal

(0.25 cm ) of La~ sSrn 2Ni04 produced at Purdue Univer-

sity; the method of preparation is described elsewhere
[14]. The single crystal was annealed under CO-CO&
mixtures at 1000 C for 24 h at a pressure of
logfo, (atm) = —11.7, while monitoring the pressure with

a Y203-Zr02 oxygen transfer cell. The oxygen to nickel
ratio was determined by iodometric titration to be
3.96+'0.06. The absence of any additional Bragg
rellections at low temperature [14] indicated that our
crystal displayed no long-range 3D antiferromagnetic or-
der. The T=5 K lattice parameters were a =5.346 A,
b =5.362 A, c =12.4 A (in view of the small orthorhom-
bic distortion we use a tetragonal notation; we are unable
to distinguish between the [100] and [010] directions in

this experiment). The magnetic susceptibility measured
in a field of 0.9 T becomes very anisotropic at low tem-
peratures, the in-plane susceptibility g,b showing a cusp
at T =17 K [14]. The low-temperature resistivity p(T)
can be described by a variable-range hopping form or
simple activated form with Es=30-50 meV [8,15]. At
higher temperatures, T & 600 K, the resistivity takes on
the characteristics of a poor "metal" with p —0. 1 Ocm
and a slight increase of p with T.

Neutron scattering measurements were performed us-

ing the cold-source triple-axis spectrometer IN]2 at the
I nstitut Laue- Langevin, Grenoble. Focused pyrolytic-
graphite monochromator and analyzer were used with an
incident wave vector of ttt; =1.55 A '. The main part of
Fig. 1 shows a contour plot of the scattered intensity in
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the (hk —,
' ) plane in reciprocal space around the (1,0, —,

' )
position for Ace =0 and T=2 K. There is strong scatter-
ing near the four incommensurate "satellite" positions
(1 ~8,0, -') and (1, + 6, —. ). Similar patterns were ob-
served around the (1,0,0), (1,0, 1), and (2, 1,0) positions.
The lower part of Fig. 1 shows hcu=0 scans in the [100]
direction (through the peaks) for different values of I.
The small variation of the amplitude of the modulation
with I shows the 2D nature of the correlations. We con-
clude the correlations are within the NiO~ planes with lit-
tle correlation between planes (just as in the doped cu-
prate). The intensity distribution may be described by
four anisotropic Gaussian peaks centered at the positions
(),0, I) + 8, where 8 = (+ 6,0,0) and (0, ~ 6,0). F or T
=2 K, we obtain i6i =0.160(10) r. l.u. , (ii

' =0.115(8)
A ', and (~ ' =0.060(4) A ', where gii

' and g~ ' are
the half width at half maximum (HWHM) peak widths

FIG. l. Upper panel: A contour plot of the scattered intensi-

ty 1'rom Lui zSro iNi04 in the (hk —,
' ) plane around the (1,0, —,

' )
position for T=2 K. The spectrometer was set at the elastic,
hco=0, position and collected neutrons within an energy win-

dow of width achro =82 peV (HWHM). The Q resolution of
the spectrometer is approximately a circle of radius 0.02 r. l.u.
(rudiation length unit). The plot was compiled from scans with

a maximum separation of 0.02 r. l.u. between grid points in the
central square of side 0.4 r. l.u. and 0.04 r. l.u. elsewhere. Right
inset: A 3D impression of the scattering. Lower panel: Ace=0,
Q=(A, O, I) scans through the pattern for diA'erent values of I
(the momentum transfer perpendicular to the basal plane).
The constant amplitude ot the modulation shows the two-

dimensional nature of the scattering.
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FIG. 2. The variation of the integrated intensity with tem-

perature ol' a constant hr0=0, Q =(h, O, —,
' ) scan {i.e., through

the center of the plot in the upper panel of Fig. 1). The total
counting time was 25x l62 s.

of the Gaussians in directions parallel and perpendicular
to 8'. The elastic resolution was h, hco=82 peV and

Aq =0.02 A (HWHM). Under the experimental con-
ditions, the spectrometer performs an integration over a
window in energy (frequency) of width Aha =82 peV or
Av=20 6Hz (HWHM). Scattering observed within this
window is associated with correlations which persist on

time scales longer than dr =1/Acu=10 " s. Thus, at
T=2 K, the sample is divided into 2D-correlated regions
of typical side lengths gii

' and (i ', these are frozen on

time scales of h, r. The variation of the scattered intensity
within the energy window with temperature is shown in

Fig. 2. As we shall see below, the decrease of the intensi-

ty with increasing temperature is due to a decrease in the
lifetime of' the correlated regions: At high temperatures
they exist for times much less than h, r above.

We now turn to the energy dependence of the scatter-
ing. Figure 3 shows constant-energy scans for Ace=0
meV and Aco=2 meV at T=19 K and T=79 K. The
lower panel shows that the modulation (as shown in 1"ig.
I) develops as the temperature is lowered from T =79 to
19 K. The upper panel shows that the modulation exists
for Ace=2 meV and is stronger at the higher tempera-
ture, T=79 K. The energy spectra in Fig. 4 show the
distribution of the diA'erent frequency components at
Q=(I.2,0,0), near the peak in the scattering. The mea-

sured intensity is proportional to the power spectrum of'

the lluctuating spin magnetization [16] (urn(q, ru)i-) aver-

aged over the experimental resolution, where rn(q, ru) i»

the Fourier transform of the local spin magnetization
(rr,nr). [We remind the reader that our experiment says

nothing about the existence of infinite time correlations,
which imply a nonzero value for i(m(q, ru)li . ] As the
temperature is lowered, the correlations move to lower

frequencies with no observable change in the spatial
dependence over the energy range investigated (0-2
meV). The behavior should be contrasted with a conven-
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FIG. 3. The variation of the modulation with temperature
(a) at finite energy transfer, hco =2 meV, and (b) at the elastic
position, h m =0 meV. Open and solid circles are T =19 and 79
K, respectively. The data shown in Figs. 3 and 4 have been nor-

malized to a monitor placed in the incident beam (cpunting
times are approximate).
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tional second-order phase transition where the correlation
length diverges as the system orders. In the present case
there is no evidence of long-range order at temperatures
as low as 2 K. The observed redistribution of scattered
intensity with temperature has similarities with the be-
havior observed in spin glasses [17] and more recently in

the La& —,-(Ba,Sr),Cu04 system [11,12, 18, 191. Detailed
studies over a wide energy range have been performed on

La~ 9sBappsCU04 [12] and La~ 96Srpp4Cu04 [19]. In the

present experiment we concentrate on the low-energy dy-
namics and defer a detailed comparison of the two sys-
tems for future experiments. The observed dynamic
response can be interpreted using the functional form
used to analyze La~.9sBappsCU04 [12] (the form given in

Ref. [19] could also be used). A spectrum characterized
by a local response (~m(O, to)~ ) ~gp'(to)[n(to)+ I] was

employed, where n(to) = [exp(h toP) —
I ]

d I —] co
gp'(to) =Wto. . . =stanr-'+ -' r

m(O, t) is the (fluctuating) moment on the nickel site, and
the integral represents a distribution of relaxation rates
with a minimum 1(). In La[ qSro~Ni04, on warming from
T=10 to 80 K we see an increase of AI O from 0.01
~0.04 to 0.8 ~0.2 meV. Thus the characteristic mag-
netic relaxation rate increases with temperature, reducing
the signal observed in the elastic window.

Our measurements show that La[ qSro ~Ni04 forms re-
gions of two-dimensionally correlated spins at low tem-
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FIG. 4. Constant-g scans at Q =(1.2, 0,0) (near peak in sig-
nal) and Q=(1.4,0,0) (backgrpund). The scans were made
with a hxed final neutron wave number kt =1.8 A . The elas-
tic energy resolution was 130 peV (HWHM). The solid lines
are fits with the model described in the text. Values obtained
for hl p were 0.0+ 0.004 (5 K), 0.031 ~0.004, 0.77 ~0.20,
0.85 ~0.20, and 8.0+' 2.0 meV (150 K), respectively.

peratures. The spatial extent of these correlated regions
is anisotropic: Parallel to 8, the typical side length
(t~ =8.7 A, and perpendicular to b, (& = 17 A. Assum-
ing random substitution, the mean distance between
strontium atoms (or holes) [11] is g,t =3.8/Jx =8.5 A.
The length of the domains parallel to 8' is determined by
this distance with (I = (d (as is the case in the lightly
doped cuprates). With the present unpolarized-neutron
diffraction experiments we cannot determine unambigu-
ously the nature of the structure within these regions.
There are several possibilities broadly consistent with our
observations. (i) A transverse modulation of the magni-
tude of the staggered moment. A purely longitudinal
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modulation can be excluded because of the presence of
the four satellites in [ ig. 1. (ii) A spiral order arrange-
ment in which the direction of the staggered moment ro-
tates in the plane. Such a model [20] has been proposed
in which an incommensurate modulation results from the
interaction of the holes with long-wavelength AF spin
waves. (iii) A structure in which the incommensurate
peak results from correlations in antiphase domain boun-
daries. Such structures are well known in systems with
competing interactions (e.g. , the axial next-nearest-
neighbor Ising model [21]) and have been discussed in

the literature in the context of the cuprates [22,23]. Cal-
culations [24] involving a model with a distribution of
domain sizes, with mean g, can successfully reproduce the
essential features of the observed scattering pattern.

In summary, we have shown that the substitution of
bivalent La by trivalent Sr in the insulating antiferromag-
net La2Ni04 leads to magnetic correlations peaked at the
wave vectors Q=(tr+ b'tr, tr+'Btr) and (tr+'6'tr, tr+ Str)
with 8=0.16 for x=0.2 [we use here the square lattice-
antiferromagnet notation; in this notation commensurate
order would correspond to (tr, tr)]. As the temperature is

lowered, the lifetime of the correlated regions increases.
At the lowest temperatures investigated, T=2 K, the
correlations exist on time scales r longer than the experi-
mental resolution h, r = 10 '' s, but drop for T=80 K to
r = l0 '- s. The microscopic efTect of Sr substitution in

the nickelate is unclear. Clearly, the Sr atoms modify the
interactions in the system: This may be through a local
mechanism or by donation of a hole to the NiOz plane
which then alters the superexchange coupling between Ni
spins. Short-range incommensurate magnetic correla-
tions have also been reported in the La2 —,-Sr,-Cu04 sys-
tem with the same structure [11,13]. There are impor-
tant diA'erences between the two systems: In the nick-
elate (La~ sSrp2Ni04) we are some way from the metal-
insulator transition, i.e., in the large on-site repulsion lim-

it; and the cuprate (La[ 9$5Sroo75Cu04) is metallic.
However, we note the very similar values for ~8~ in the
cuprate and nickelate systems for equivalent doping lev-

els. In contrast to the nickelate, however, the correlations
in the cuprate [13] are found to be peaked at the wave
vectors Q =(tt, tr+' Btt) and (tr+' Btr, tr). The difference
between the two results is intriguing and must be ex-
plained by any theory describing the magnetic correla-
tions in these systems.
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