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We report neutron-scattering experiments on single crystals of the layered perovskite La;NiOg+s.
Three-dimensional magnetic order sets in at Tn =70 K for §==0.05. Strong two-dimensional magnetic
correlations exist for 7 between TN and the tetragonal-to-orthorhombic transition temperature,
Ts =240 K. As T is increased through T, the 2D correlation length decreases from more than 50 to 10
A. The excitation spectra for the 3D ordered state are characterized by large effective in-plane spin-
wave velocities which, like 7'n, depend strongly on §: For §=0=10.001, ¢ 2 0.2 eV-A, while for §=0.05,

c=0.1eV-A.

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

La;NiO4+5 is a layered perovskite! with unusual
transport and magnetic properties.?® From one-electron
band theory, stoichiometric La;NiO4 should be metal-
lic.” Indeed, for high temperatures (72600 K), the
resistivity p(T") does generally increase with T.%3 Furth-
ermore, infrared spectra4 for a somewhat nonstoi-
chiometric sample (La; sNiO;g7) are Drude type in the
basal planes; no Drude-type features associated with car-
riers moving perpendicular to the planes could be found.
For low temperatures, p(T) has been described in terms
of simple activated forms with gaps below 80 meV 2 or
the Mott variable-range hopping expression,* the param-
eters depending strongly on stoichiometry. The magnetic
susceptibility 2(T) is also a strong function of &: For
§==0.001, x(T) is temperature independent below 300
K, while for 6§ = 0.05, there is a small cusp in X(T) at
160 K.°

In the present paper we describe a neutron-scattering
study of the magnetic correlations in this material.® Our
experiments show that where analogous data are avail-
able for La;CuQy,% ' the parent of the original high-T,
superconductors, they are very similar to those for
La;NiO4. Thus, explanations of the high-7. phe-
nomenon, especially those involving magnetic interac-
tions, must account for why, in spite of the similarity of
the magnetic correlations, no superconducting oxides of
nickel have been found to date. We have also discovered
several effects which remain to be probed in the cu-
prates. Most important is the strong influence of the
tetragonal-to-orthorhombic transition on the magnetic
correlations in the paramagnetic (also called “quantum
spin fluid”'%) state. In other words, we have provided
the first demonstration that in the layered transition-
metal oxides, the coupling between the electronic (spin)
and lattice degrees of freedom is not negligible. Another
essential new result is that in addition to the three-

dimensional Néel temperature, the in-plane magnetic
dynamics depends strongly on oxygen stoichiometry. For
the more metallic sample (La;NiOy0s) examined, the
spin-wave velocity is at least a factor of 2 lower than in
LazNiO4,oo.

Measurements were performed with polarized and un-
polarized triple-axis spectrometers at the high-flux beam
reactor of Brookhaven National Laboratory. For inelas-
tic measurements, the final neutron energy E; was fixed
at 13.7 meV, while for quasielastic experiments, no
analyzer was used and the incident neutron energy E;
was fixed at 42 meV. Pyrolitic graphite and Heusler
(Cu;MnAl crystals functioned as monochromators and
analyzers, while pyrolitic-graphite filters eliminated
higher-order contamination of either incident or scat-
tered beams.

Single-crystal samples were grown by radio-frequency
skull melting, as described elsewhere.!' Subsolidus an-
nealing allowed a variety of oxygen nonstoichiometries §
to be achieved. Standard wet-chemical analysis of simi-
lar samples have shown that the La-to-Ni ratio is
2.00 £0.01, while density determinations have indicated
that oxygen nonstoichiometry arises from interstitials.'?
Two samples, with volumes of order 0.5 cm?, were stud-
ied. The first, an unannealed, as-grown sample with
6==0.05, was mounted on the cold finger of a closed-
cycle *He refrigerator so that the crystal’s (kk0) zone
coincided with the horizontal scattering plane of the
spectrometer. We also examined, but only at room tem-
perature, an annealed crystal (§=0%£0.001) with its
(h0!) zone in the horizontal plane. In conformity to pre-
vious practice!! for isostructural La,CuQy, Bragg points
are labeled by orthorhombic notation, where [010] and
[100] correspond to the longest (c) and shortest (a)
axes, respectively, of the unit cell. Because of ortho-
rhombic twinning, a general momentum transfer Q
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=(Qx,0y,0;) always represents two points in reciprocal
space, (Qx/a*,Q,/c*,Q./b*) (twin No. 1) and (Q./a*,
Q,/c*,0./b*) (twin No. 2); for this paper, we adopt the
convention of expression momentum transfers as points
in the reciprocal space for twin No. 1. Except for some
of our studies of Bragg peaks (to determine, e.g., the lat-
tice parameters), the momentum resolution [0.03 and
0.05 A~! full-width at half maximum (FWHM) for
E;=13.7 meV and E; =42 meV, respectively] of the in-
strument was generally too poor to resolve the ortho-
rhombic splitting.

Figure 1(a) shows the temperature dependence of the
in-plane lattice parameters a and b for La;NiOj+5 with
6=0.05. It appears that a tetragonal-to-orthorhombic
transition occurs at 7, =240 K; the observation of slight
hysteresis effect suggests, but does not necessarily prove,
that the transition is weakly first order. For comparison,
the corresponding transition in La;CuQOg+5 has generally
been reported as second order.>'? Further investigations
are required to determine how the space group changes
at T;.

Polarized- and unpolarized-neutron studies reveal
magnetic Bragg scattering at reciprocal-lattice points
(0kD), with k and ! both odd, and points (hk0) with A
odd and k=0 even, results which imply the magnetic
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FIG. 1. Temperature dependence of (a) in-plane lattice pa-
rameters, (b) magnetic Bragg intensity, and (c) quasielastic
(see text) intensities collected for E; =42 meV. Inset in (b):
Magnetic structure; filled circles denote Ni atoms. Atoms on
the hidden faces of the unit cell are not shown.
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structure shown in Fig. 1(b). As for isostructural
K,NiF4;'* and La,CuQOs,’ antiferromagnetically ordered
basal planes are stacked so that nearest-neighbor Ni?*
ions, separated by distances +(a2+c?)V2< L (b2
+¢2)2 are oppositely polarized. However, in contrast
to K;NiF4 and La,CuQs, where the ordered moments in
the ¢ and b directions,®'* respectively, La;NiOy4 is
characterized by ordered moments parallel to 4. Figure
1(b) also shows the temperature dependence of the (011)
intensity. The Néel temperature for §=0.05 is seen to
be Tn=70 K.

To measure the magnetic fluctuations in the ordered
state of La;NiO4+5, we have performed a variety of in-
elastic constant-Q and constant-# e scans, some of which
are displayed in Fig. 2. Room-temperature and 12-K
data are shown for § =0 and 0.05, respectively; the pres-
ence of a gap in the inelastic spectrum indicates that the
6 =0 sample is magnetically ordered at room tempera-
ture, which is well above T (70 K) for §=0.05. At
Q=(1,0,0) and (3,0,0) the spectra have the same shape,
but the intensity is lower for the larger of the two mag-
netically equivalent momentum transfers [left-hand side
of Fig. 2(a)l. It is therefore safe to conclude that the
strong scattering at Q=(1,0,0) is of magnetic origin. A
further issue is the dependence of the data on the com-
ponent 1 of the momentum transfer along [010]1IE. As
can be found from comparison of data for Q0 =(1,0.4,0)
and (1,0.9,0) [see left-hand side of Fig. 2(b)], the spec-
tra are virtually independent of . Thus the fluctuations
in the 3D ordered state are primarily of 2D character, a
result which is hardly surprising given the structure of
the compound.
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FIG. 2. Constant-momentum-transfer (left-hand frames)
and energy-transfer (right-hand frames) scans for (a) §=0
and (b) §=0.05. The instrumental resolution (full-width at
half maximum) is indicated by the horizontal bars. No at-
tempts have been made to correct the data for the small back-
ground signal (==2.5 counts/min).
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At the two-dimensional zone center [i.e., momentum
transfers of form Q=(1,7,0)], the inelastic scans are
characterized by a sharp excitation above a gap of 2.5
meV, followed by a long tail extending to high energies.
For §=0.05, the intensity begins to decay rapidly for
hw =8 meV, while for § =0 the spectrum remains rela-
tively intense to at least 10 meV. The constant-energy
scans, shown on the right-hand side of the Fig. 2, make
the differences between § =0 and 0.05 even clearer. For
example, at Aw =8 meV, the scans have half widths at
half maximum of 0.04 and 0.08 reciprocal-lattice units
(r.l.u.) for §=0 and 0.05, respectively. If we associate
the scattering with unresolved spin waves (for hw well
above the energy gap) whose dispersion is given by
o =cq, the corresponding values for Ac are 0.2 and
0.1 eV-A. Thus, the effective in-plane exchange con-
stant, as established from the excitation spectrum in the
ordered state, changes by at least a factor of 2 upon our
changing the oxygen content of La;NiOg+5 by =1%.

To survey the temperature dependence of the magnet-
ic correlations we have used the spectrometer without an
analyzer in the mode where an integral is performed over
outgoing neutron energies such that the in-plane com-
ponent, &, of the momentum transfer is held fixed. The
results are proportional to

1=f_E; E; ;iha)

where Q, = (¢),7(w),0),

hc*
Qm'?)

S(Q,w) is the Fourier transform in space and time of
the two-spin correlation function, m is the mass of the
neutron, F, is the form factor of the magnetic ions, and
E; is the (fixed) incident neutron energy. While, in gen-
eral, I= f L S(Q,,w)dw, for the present experiment,
where E; =42 meV, [ = [Py S(Q, 0)dw. If the
magnetic layers were truly decoupled, we would have
S(Qu, ) =S(Qy,w) where Q;=1(£,0,0), so that as long
as the characteristic energies of the spin system are well
below 20 meV, I represents a good measure of the
equal-time spin correlation function S(Q). Figure 3
shows data collected as functions of &, for a variety of
temperatures below room temperature. At 246 K, the
magnetic diffuse scattering is relatively broad, with a
width corresponding to a magnetic correlation length of
roughly 10 A. Between 246 and 228 K, where the
structural transition occurs, the diffuse scattering nar-
rows greatly, to a width which exceeds that associated
with the resolution (0.05 r.l.u. FWHM) by only 30%.
The corresponding magnetic correlation length exceeds
50 A. Further reductions in temperature lead to gradual
further sharpening in S(Q). Even for T well below T,
substantial 2D scattering remains, however, the large
|&—1]| tails are somewhat suppressed. Figure 1(c)

1/2
] | F(Q,) | 25 (Qu, @)do,

@) =(E; —h%H2m)V2 = (E; — ho) "2,

shows the peak (Ip) and g-integrated (0.8 <¢&;<1.2)
(1)) quasielastic intensities. Both quantities vary most
rapidly with T near the tetragonal-to-orthorhombic tran-
sition. Furthermore, Iy has a discernible maximum at
the 3D ordering temperature, a result which suggests
that the 3D ordering at Ty is associated with ordering in
the (2D) layers. Nonetheless, the 2D scattering mea-
sured by 7, for T< TN accounts for as many moments
as that yielding the 3D Bragg reflection.

We now comment on the relation between two- and
three-dimensional order in layered compounds. For
Heisenberg systems, the in-plane correlation length /(7)
grows until the effective interplane coupling /2(T)J' (J'
represents the coupling between neighboring spins in ad-
jacent planes) becomes comparable to kT, whereupon
the system order three dimensionally. Note that even if
I(T) =1, is temperature independent because of disor-
der, for sufficiently large /o, a reduction in T can still
yield a 3D magnetic ordering transition at kT'n=J'l§,
while for small /o, a spin-glass-like transition will occur.
It appears that both antiferromagnetic and spin-glass
phases are found in compounds derived from La,Cu-
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FIG. 3. Quasielastic scans collected as functions of basal
plane component &, of momentum transfer.
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04.'4716 The extent to which the 3D transition is driven
by changing 2D correlations can be determined from the
2D quasielastic scattering (Iy). For example, for La,Ni-
Q4+5 with 6§ =0.05, there is an obvious maximum in /g at
Tn, which implies that /(T is still evolving for T~ Tn.
In contrast, Shirane er al., have noted'® that for one
sample of La,CuQy4 with Ty =200 K, there is a consider-
ably less pronounced maximum in the 2D quasielastic
scattering (I9) at the 3D Néel temperature. Of course,
it is unclear whether a La;NiO4+ 5 sample with Ty =200
K will behave more like the sample used in the present
work or the La;CuQ4 sample of Ref. 10.

In many respects, a possible exception being that con-
sidered in the previous paragraph, La;NiOs+s behaves
similarly to La,CuQg, which is considered the parent of
the high-T, superconductors. For both the Ni and Cu
compounds, there is three-dimensional magnetic order
with a Neéel temperature highly dependent on oxygen
stoichiometry.>® Furthermore, above Ty, there is an ex-
tended temperature range characterized by relatively
strong two-dimensional magnetic correlations.'® Both of
these results are not surprising in view of the highly an-
isotropic and face-centered nature [see inset in Fig. 1(b)]
of the crystal structure. The tetragonal version of the
lattice is frustrated in the sense that there is no unique
way in which to stack consecutive square antiferromag-
netic layers, so that even a small concentration of defects
in the (slightly) orthorhombic version can reduce TN
substantially. More remarkable are the influence of § on
the estimated in-plane spin-wave velocity ¢ and the con-
siderable increase of the in-plane correlation length at
the tetragonal-to-orthorhombic transition. It will be in-
teresting to see whether similar results hold for La,Cu-
Os+5; the latter effect may be harder to identify for the
Cu compound where the tetragonal-to-orthorhombic
transition is second order.

We are grateful to R. J. Birgeneau, Z. Fisk, T. Frel-
toft, D. Harshman, G. Shirane, and H. Yoshizawa for

206

helpful discussions. Both authors also acknowledge the
hospitality of Brookhaven National Laboratory where
the neutron experiments were performed. Work at
Brookhaven is supported by the Division of Materials
Science, U.S. Department of Energy, under Contract
No. DE-ACO2-76CHO0016.

@Also at Physics Department, Brookhaven National Labo-
ratory, Upton, NY 11973.

IA. Rabenau and P. Eckerlin, Acta Crystallogr. 11, 304
(1958).

2C. N.R. Rao et al., J. Solid State Chem. 51, 226 (1983).

3M. Sayer and P. Odier, J. Solid State Chem. 67, 26 (1987).

4J. M. Bassat, P. Odier, and F. Gervais, Phys. Rev. B 35,
7126 (1987).

5D. J. Buttrey, J. M. Honig, and C. N. R. Rao, J. Solid State
Chem. 64, 287 (1986).

6G. A. Smolenskii, V. M. Yudin, and E. F. Sher, Fiz. Tverd.
Tela (Leningrad) 4, 3350 (1962) [Sov. Phys. Solid State 4,
2452 (1962)]; P. Ganguly, S. Kollali, C. N. R. Rao, and
S. Kern, Magn. Lett. 1, 107 (1980).

TW. Weber, private communication.

8L. Pintschovius and collaborators have performed neutron
measurements of phonons in La;NiOs (W. Weber, private
communication).

9D. Vaknin et al., Phys. Rev. Lett. 58, 2802 (1987); T. Frel-
toft et al., Phys. Rev. B 36, 826 (1987).

10G. Shirane et al., Phys. Rev. Lett. 59, 1613 (1987).

1D, J. Buttrey, H. R. Harrison, J. M. Honig, and R. R.
Schartman, J. Solid State Chem. 54, 407 (1984).

12D J. Buttrey et al., to be published.

13See, e.g., R. M. Fleming, B. Batlogg, R. J. Cava, and E. A.
Rietman, Phys. Rev. B 35, 7191 (1987).

14R. Plumier, J. Appl. Phys. 35, 1950 (1964); R. J. Bir-
geneau, H. J. Guggenheim, and S. Shirane, Phys. Rev. B 1,
2211 (1970).

I51. Wantanabe e al., J. Phys. Soc. Jpn. 56, 3028 (1987).

16D, Harshman, unpublished.



