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J. Phys: Condens. Matter 5 (1993) 765-7843, Printed in the UK 
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AbshcL We carried out a nudear quadrupole resonance study of %a in 
Laz-,Sr,NiO+t( (8 = O . w d . 1 0 ;  1: = 0.0-13) in the temperature range T = 1.4- 
ZOO K, paying panicular attention to its relationship to the supermnducting cuprats. In 
lanthanum nickel a ide ,  the w p a t i o n  of holes on both Ni 3d,z-,t and 3d9 orbitals 
with parallel spins (S = 1) causes some characteristic properties. 

(1) The large internal magnetic field (Hi, = 26-18 kOe) at the La site indicates 
the existence of a smng transferred exchange interaction between Ni 3d.r and La 6s 
orbitals through the Zp, orbital of apex oxygen. 

(2) Dismntinuities in the magnitude of Hi., and electric field gradient observed at 
6 z 0.02 are attributed to the oystal phase transition from a low-T onhorhombic to a 
high-T teuagonal phase. 

(3) Up to high Sr doping (close to the phase transition at z 1.0 [mm 
antifemmagnetic to paramagnetic), Hi., remains almcst constant, suggesting that the 
doped h o l s  6 1 ~ t  go into the 3d,~-~z orbital without pmducing N+Ni spin frustrations. 

(4) The T dependences of Hint and relaxation rate T;' at low T are explained 
basically by the spin-wave theory for three-dimensional antifemmagnets, and the 
sublattia magnetic moments of N i a  are close 10 the localized spins. 

(5) The dependence of Trt  proponional to Tz.6 indicates that the "La relaxation 
can be attributed to the shonwavPlength antifemmagnetic fluctuations notwithstanding 
the geomelrical cancellation at the La site. 

1. Introduction 

Recently some characteristic properties shown by the layered perowkites $MO, (M 
I Cu, Ni, CO), such as the metal-semiconduaor and structural phase transitions, and 
antiferromagnetic (AF) ordering, have been the subject of great interest in helping to 
investigate the mechanisms of high-T, superconductivity appearing in (La, Sr)+04 
solid solutions. 

In the case of La,CuO,, the configuration of Cuz+ is dY and one hole of the Cu ion 
occupies the f d , ~ - ~ z  orbital which is strongly hybridized with the 2pz and 2p, orbitals 
of Cu-0 planar oxygen. Then the evolution from the AF to the superconducting and 
to the normal metallic state when one introduces excess holes by Sr atom substitution 
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for the La atom has been studied extensively, with the main interest focused on the 
variation in the magnetic and electronic properties in the Cu-0 plane. 

Interest has also grown in the properties of the related compound $NiO, In 
this case. the configuration of Niz+ is d8, and both the 3d,r-yr and the 3 d , z  orbitals 
are occupied by approximately one hole each, with paraUe1 spins. This implies that the 
holes are also distributed on the 2p, orbital of apex oxygen (0,) which is hybridized 
with the Ni 3dZl orbital and also with the La 6s orbital. One may therefore expect 
strong coupling between the Ni-0 and La-0 planes, and the electronic and magnetic 
properties of h N i 0 ,  would be affected not only by the planar oxygen (0 bur) 
atom as in the cuprates but also by the OaP atom. It has been established &at a 
stoichiometxic sample of La,NiO, is an electrical insulator and antiferromagnet with 
a N&l temperature TN U 650 K [l] and exhibits structural phase transitions from a 
high-temperature tetragonal (HIT) phase to a low-temperature orthorhombic (nol) 
phase at about 700 K [2,3] and to a second low-temperature orthorhombic (tMt) 
phase at about 75 K [4,5]. 

An La,Ni04 crystal can ammmodate excess oxygen up to 6 U 0.2 in the 
interstitial positions of the La-0 plane [q. The deviation 6 from the oxygen 
stoichiometry has been shown to decrease TN [1,7,8] and the structural phase 
transition temperature [9]. In the case of La,Cu04+,, a small amount of excess 
w g e n  destroys the AF ordering and produces partially a synthetic superconductor 
[10,11]. However, in the case of WNiO,,, the magnetic ordering persists up to 
large values of 6. 

On the other hand, the substitution of SI for La in the $-,Sr,NiO.++, system 
leads to a metallic conductor, but more slowly than in the cuprates. The magnetic 
susceptibfity and electric resistivity measurements made by Cava et a1 [I21 suggested 
the existence of the conductive phase in the high-Sr-substitution range z = 1.0- 
1.4, with no sign of superconductivity. Recently, a '%a nuclear magnetic resonance 
(NMR) study by Furukawa and Wda 1131 provided micrwcopic evidence for the phase 
transition from the AF to the paramagnetic (metallic) state at z U 1. 

In this study, we focus our attention on the magnetic and electronic structures 
in the AF state of h N i 0 ,  and their changes when the holes are doped by the 
introduction of excess oxygen and also by the substitution of Sr. The static and 
dynamic properties of the magnetic moments and the electric field gradient (EFG) 
are probed through their iniluences on the 139La spectrum of the nuclear quadrupole 
resonance (NQR) and on the temperature dependence of the spin-lattice relaxation 
time TI, respectively. Prelimiialy results of the '"La NOR study for powder samples 
of %Ni04+, (6 = 0.02-0.1) were reported in our previous papers [14,15]. 

2. Samples 

21. Sample preparatim 

As-sintered samples of $Ni04+, (6 N 0.7) were synthesized by the solid state 
reaction technique in air. Deoxygenated (6 = 0.0, 0.2,0.4) and oxygenated (6 = 1.0) 
samples were obtained by annealing the as-sintered sample in high vacuum or in an 
0, gas atmosphere, respectively, for an appropriate number of days as described in 
our previous paper [14]. 
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The stoichiomeaic sample of La,NiO,,, prepared by annealing in a high vacuum 
at 8OOT for a month was a brown material and stable for more than a year under 
normal storage conditions. 

A single crystal of La2Ni04,, with dimensions of about 2 mm (along the c axis) 
x 25 mm x 5 mm was prepared to investigate the direction of the internal magnetic 
field Ifht and the principal axis of the EFG with respect to the crystal axes. Details 
of the single-crystal growth and determination of the oxygen content were given by 
Kajitani et a1 [9]. 

22 X-ray d@actwn 

X-ray powder d8raction patterns were obtained using Cu Ka radiation. The 
dependences of the lattice parameters on 6 at room temperature are shown in figure 
1, where open, full and half-filled circles denote the c, a and b laaice parameters, 
respectively. The stoichiometric sample &NiO.,, was in the LTO~ phase at room 
temperature and showed a phase transition from m1 to noz at about 75 IC The 
&Ni04., sample was also in the LTO~ phase at room temperature, but the difference 
between the lattice parameters a and 6 was very small. On the other hand, the 
oxygenated samples of La,NiO,, and $Ni04,,, were in the H T I  phase at room 
temperature. These mulls agree with other studies, Le. the transition temperature 
from m to LTO~ phase decreases on increase in 6. As can be seen in the figure, 
the small increase in 6 results in a signilicant increase in the c (long-ad) lattice 
parameter as reported by Gopalan et a1 [8]. 

The dependence of the lattice parameters on the Sr substitution content I is also 
plotted in figure 1. Open and full triangles denote the lattice parameters e and a (b), 
respectively. For I < 0.5, the unit cell stretches along the c axis and shrinks along 
the a and b axes. In the highly doped region (E > OS), the variations are reversed. 

2.3. Magnetic SuFCeplibiIiries 

The magnetic susceptibility x of the powder samples was measured in the temperature 
range T = 4.2-300 K using a torsion-type magnetic balance at 10 kOe. x for the 
oxygen stoichiometric La,NiO,,, was almost independent of T, while x for all the 
non-stoichiometric samples (6 = 0.02-O.lO) increased with decreasing T as shown in 
figure 2 For &NiO,,, x shows a broad cusp at around 170 K and a sharp peak 
at about 20 K With the increase in excess oxygen mntent 6, both the cusp and the 
peak m x(T)  move towards lower temperatures. For &NiO,.l,, the broad cusp can 
be seen at about 45 K but the sharp peak is not observed down to 4.2 K 

3. ‘-%I magnetic resonance 

3.1. 13gLa resonance spectrum in Lu@~O,+~ at 4.2 K and HuI = 0 

A phase-coherent pulsed-NMR spectrometer was utilized for the measurements of the 
139La resonance spectrum and spin-lattice relaxation time Tv 

Figure 3 shows typical 139La (I = 5) spectra in La,NiO,, with 6 = 0.00, 0.02 
and 0.10 at 4.2 K under the zero extemal magnetic field Ha = 0. A small increase 
in 6 leads to a drastic change in the resonance spectrum. 

The main resonance lines can be analysed as a spectrum originating from the 
La sites where the Zeeman interaction is larger than the quadrupole interaction, 



768 S Wada et nl 

6 
0.1 0.2 

13.0 5 .8  

5.7 

0 

12.4 4. 
m A A 

1 2 . 2  5.4 

“5 
U 

12.0 - 5.3 
0 0.5 1.0 1.5 

X T ( K )  

Flgum 1. Dependence of lattice parameters Figore 2. ‘Emperature dependence of the magnetic 
on 6 (0, 0, 0) and on z (A, A )  at m m  surreplibility under an aternal field of 10 kOe 
temperature: 0, A* lattice parameter c; 0, As for vadous non-stoichiometric IatNiO,+.a samples 
lattice parameters a(= b) in the tetragonal phase; (6 = 0.02-0.10) 
0. lattice parameters a and b in the onhorhombic 
phase. 

H,,, > HQ, as discussed in the previous papers [14, U]. H, and HQ are expressed 
by [I61 

H Q =  ~ h U Q [ 3 I : - I ( I + l ) + f q ( 1 2 , + f ) ]  (1) 

HM = - ~ ~ h € € i . ~  I (2) 

where vQ = $e2qQ/21(I + I)h, eq = V,,, Elint is the internal magnetic field at a 
polar angle 0 with respect to the principal axis of V,, and q = (Vs= - V,,)/V,, is 
the asymmetry parameter of the EFG. We assume here that lvzz1 > lVvgl > ~vsz~. 

For 6 = 0.00, one can separate the experimentzl lines into two groups composed 
of nearly equally separated lies. In the case of the group of l i e s  shaded in figure 
3(a) (hereafter denoted La(I)), the resonance position of the main peaks can be 
reproduced by equations (1) and (2) with the set of parameters 

uQ = 8.7 MHz Hint = 26.2 kOe 0 U 71’ q 2 0 .  (3) 

The other group of l i e s  in Egure 3(a) (denoted La(I1)) is almost the same as that 
observed in LazNiO,,, shown in figure 3(b). 

For 6 = 0.02, we obtain the set of parameters 

uQ = 4.0 MHz Hint = 18.3 kOe 0 U 7T q U 0 (4) 

which reproduce the main peak positions [17]. 
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f requency W H z )  

P@E 3. mica1 3 3 9 ~  ( I  = i) speclra in 
LalNiO++s at 4.2 K under a zero external magnetic 
field (U)  6 = 0.00; (b) 6 = 0.02; (c) 6 = 0.10. 

F@re 4. Central three lines associated with the 
transitions 1;) ++ I - f )  and I * f )  U I zt $) at 
4.2 K for Ha = 0 (0) and H, = 5 kOe (0): 
(U) Hm along (110); (b) Hm along (001). 

For 6 = 0.10, the resonance lines shown in figure 3(c) are not well separated 
from each other. However, seven very distinguishable peaks in the spectrum are 
reproduced by the set of parameters 

vQ = 2.6 MHz Hi,, = 17.8 kOe 0 Y 78' q rro. (5)  

It should be noted that the positions of the other small resonance peaks appearing 
in figure 3(c) agree with those of the main peaks in La,NiO,,,. 

3.2 Dependence of the resonance spectrum on Ha for a single crystal (6 = 0.02) 
In order to determine the direction of Hint with respect to the crystal axes, we 
investigated the '"La NQR spectrum in the La,NiO,,, single crystal under the 
external magnetic field H,. The Hamiltonian is given by 

H = HQ - yNhI .  (Hi,,, + H,) (6) 

and, therefore, the 139La spectrum should depend on the direction of H ,  with respect 
to the crystal axes. 

Figure 4 shows the three resonance lines corresponding to the transitions 
1;) * I- 5) and I&;) ~1 If 9) at 4.2 K when Hm = 0 (full circles) and Ha = 5 kOe 
(open circles). H ,  is in the direction along the axis of (110) in figure 4(a) and (001) 
in figure 4(b). Here the lattice parameters are expressed by the tetragonal symmetry 
representation. The results are summarized as follows. 

(1) When Hd is in the direction parallel to (110), each line splits into two lies. 
(2) When H ,  is in the direction perpendicular to (110), each line shifts towards 

lower frequencies. 
(3) The magnitude of the frequency shift, approximately equal to f0.10 MHz 

kOe-I in both Ha directions, is very small in comparison with the value of 
yN = 0.601 MHz kOe-' for 13yLa. 
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In the unit cell of bNiO, ,  there are hvo L a 4  planes between the Ni-O planes. 
Then the directions of Hi, at the La sites caused by the Ni moment are parallel 
and antiparallel in each plane along the axis of AF order. When H, is in the 
direction along the axis in which the Ni magnetic moments are ordered, the local 
field is given by H,, rt Ha, resulting in line splitting. On the other hand, Ha in 
the duection perpendicular to the axis of the magnetic ordering merely shifts the 
resonance frequency. Thus the experimental results indicate the direction of the Ni 
magnetic moments to be along (110) in the basal N& plane. 

3.3. Tmprature dependence @&he 139L.u re"ce  spec&mm 

Figure 5 shows a typical temperature dependence of the central l i e s  for the 
La,NiO,., powder sample. Each main resonance line moves towards lower 
frequencies with increase in T, indicating a reduction in Hhr Below about 25 IC, the 
main lines exhibit severe broadening. As the susceptibility x( T) of &NiO,,z shows 
a sharp peak at about U) K, this l i e  broadening suggests the existence of magnetic 
ordering below about 20 K 

%(T)/v,(O) of the 1;) H I- 4) transition is plotted in figure 6. v,(T)/v,(O) 
of La(1) in LazNiO,., (open triangles) shows a discontinuom increase at about 80 K 
and then a monotonic decrease at higher T. The discontinuity in vM(T)/uM(0) must 
closely link to the structural transition from LTO~ to LTO~ at about 75 K found in the 
stoichiometric sample. 

vM(T)/uM(0) of La(I1) in La,NiO.,,, (open circles) and La in La,NiO,,, (full 
circles) decreases monotonically With the same reduction rate. For La in LazNi0,,,, 
(open squares), the reduction rate is the largest of all. This Q consistent with the Lct 
that TN for the oxygenated sample is lower than for the deoxygenated sample. 

In figure 5, one can see some weak and broad resonance lines moving towards 
lower frequencies on increase in T from about 77 K to about 150 IC The reduction 
rate of the resonance frequency with increasing T is larger than that of the main 
lines. Above about 170 K, these spurious resonance lines disappear. As x(T)  for 
%NiO,, shows a broad cusp at about 170 K, these spurious lines probably originate 
from 

in hNiO,,, exhibits 
a monotonic decrease on increase in T, simiir to uQ(T) for 13% in h C u 0 ,  118). 

3.4. '%Lo spin-lauiee r e l a "  time TI in La$i0,+6 
A saturation recovey method was used to measure TI at the peak intensity point of 
the cenUal line. In the case of 13% (I = ;), the spectrum is composed of seven 
almost equaUy separated lines, and the recowy curve of the magnetization M ( T )  
after the initial saturation between the I f )  U I - f )  transition levels is characterized 
by four time constants as I191 
[M(co)-  M ( t ) ] / M ( c o )  = alexp(-2Wt) 

in a possible but small fraction of a magnetic hase with TN P 170 K. 
As shown in figure 7, the quadrupole frequency va for 

+ a2exp(-12Wt) f a3exp(-30Wt) + a4exp(-56Wt) (7) 

where 2W = T;' and the ai are the coefficients depending on the initial population 
of the 21 + 1 nuclear spin levels imposed by the saturation RF pukes. We applied a 
~ / 2  RF pulse as the saturation pulse which provides the coefficients ai as 

o1 = 0.013 a2 = 0.068 a3 = 0.206 a4 = 0.714. (8) 
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Figrrre 5. '&pi& templure  dependence of the 
central lines m the Ja2Ni04,m powder sample. 
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Figure 6. up.q(T)/w(O) Of the 14) * I - i) 
transition: A, La@) s i t s  m LazNiO4.m; 0, La(1I) 
sites in IaZNiO4.0o; 0, La in hzNiO,,m; 0, La in 
LazNi04.10. 

Figure 8 shows the typical experimental recovery curves of 13% in the hNiO.,, 
powder at 1.4 and at 110 K. At high temperatures above about 140 K equations (7) 
and (8) auld reproduce the experimental recovery curve. On decreasing T, howewr, 
a slowly recovering component grew and the fit of the data to equation (7) was 
unsuccessfuI. Then we tentatively assumed that the observed recovery curve was 
composed of two components with a slow relaxation rate 2WL = (Tf)-' and fast 
relaxation rate 2Ws = (?)-I. We camed out a fit using the following equation: 

(M(ob)  - M ( t ) ] / M ( o o )  = ML[aIexp(-2~Lt)  + a2exp(-12WLt) 
+ a3exp(-30WLt) + a4exp(-56WLt)] + Ms[alexp(-2Wst) 
+ a2 exp( -12Wst) + a, exp ( -30Wst) + u4 exp ( -56Wst)] (9) 

where ML + Ms = 1 and Ms was taken to be a free parameter giving the content 
of the fast relaxation component A typical result of this analysis for La,NiO,,, is 
shown in figure 9. As shown in the inset to the figure, Ms = 1 at low T starts 
to increase above about 30 K and becomes unity above about 130 IC (?)-I and 
(Tk)-' show the same T dependence below about 60 K, indicating that they can be 
attributed to the same mechanism of relaxation. 

The temperature dependence of T;' for samples with 6 = 0.00, 0.02 and 0.10 
are summarized in figure IO, where the triangles denote Ti' at the La(1) site in 
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Figure I .  'Ttmplure dependence of "0 at the 
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La,NiO,,, the circles denote Ti' at the La site in &Ni04,, and the squares 
denote T;' at the La site in La,NiO,,,, The open and full symbols correspond to 
( q ) - I  and (T:)-', respectively. rr;' for the La(I1) site in l+Ni04,, was exactly 
the same as that in La2Ni04,,, in both its magnitude and its dependence on T. 

All the T;'-values for 6 < 0.02 show almost the same temperature dependence 
below about 60 IQ that is, T;' increases in proponion to T2.6 below about 20 K 
and shows a broad bump at  about 40 IC On the other hand, Ti' for the oxygenated 
La,NiO,,,, sample is large and almost independent of T above 4.2 IC 

Finally, for La(I1) in l+NiO,,, we can see that the magnitudes and the T 
dependences of Hint, va and Ti' are exactly the same as those in La2Ni0,,02. Thus 
we conclude that the La(I1) site observed fractionally in La,NiO,,, is exactly the 
same as the dominant La site in La2Ni04., 

3.5. '"La transverse relm!ion time T2 in LafliO,., 
The transverse relaxation time T2 is determined by the decay curve as 

M(2.r) = M(0)  exp( --2.r/T2) (10) 
where M(2.r) is the intensity of the spin echo focused at 27 after the application of 
?r/2-n RF pulses separated by the time T. 

Above about 100 IC, M(2T) for La2Ni04.m showed a single-exponential decay. 
On decreasing T, however, a slow decay component grew and the fit of the data to 
equation (IO) was unsuccessful. Then we again assumed the observed decay curve to 
be com osed of two components with a slow relaxation time Tk and a fast relaxation 
rime 2 Then we carried our a fit by the equation 

M ( 2 r )  = Msexp(-2.r/T;) + MLexp(-2r/Tt) (11) 
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F&m 9. Temperature dependences of (7f)-l 
and (q)-' of %A in La2NiOr.a. The inset 
s h m  the temperature dependence of Ms the 
content of the magnetization component with the 
fast relaxation rate. 

Figum 10. 'Itmperatun dependences of (q)-' 
(A, 0, 0)  and (q)-' (A,  0, m): A, A, La([) 
site in LaZNiO4,m; 0, 0, La site in La2NiOr.m; 
0, ., La site in lazNi04,io. 

where Ms and ML are the parameters appearing in equation (9). The T dependence 
of (T'$)-' and (T;)-' for 13'La in La,NiO,,, deduced through these procedures is 
shown in figure 11 on a log-log scale, Both (T;)-' and (q)-' show complicated 
but similar dependences on T. 

3.6. Effect of Sr substilution for La 

The substitution of SI atoms for La atoms in La,_,Sr,NiO,+, has been known to 
dope the holes in tbe system, resulting in the suppression of AF ordering. 

If we assume an ionic picture of (La3+),-,(S13+),(Ni-O)P(OZ-)3+6r the Ni-0 
valence P is given by z + 26. Therefore, we plot the dependence of H,, on the 
value of P in figure 12, where the open circles show the excess oxygen doping and 
the full circles the SI substitution. In the latter case, we assumed that 6 was zero. As 
can be seen in the figure, H,, hardly changes in the valence range 0.04 < P < 0.7 
and then exhibits a considerable decrease at P =! 1.0 (z =! 1.0). In a previous paper 
1131, we reported the evolution of an NMR signal in the paramagnetic state (H,, = 0) 
above P s 1.0. This provided microscopic evidence for the phase transition from 
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Firprr 11. 'Itmperature dependaces of (Tk)-' Pipre U Dcpendew of  HI.^ on the Ni-O 
(0) and (q)-' (0) for LH)La in LazNiO,.m valency P: 0, hole doping by the cxoesp axyben 
deduced through the p d u r e  demibcd ffl the (P = 26); 0, hole doping by Sr substitution 
t a t .  ( P  I); -, dependence of the NMR intcnsily 

on P. 

the AF to the paramagnetic (metallic) state at P N 1.0 without any intermediate 
superconducting phase. 

4. Discussion 

We have reproduced the suppression of AF ordering in %Ni04+, when excess oxygen 
atoms are introduced and also when SI atoms are substituted for La atoms. 

In the case of La,_,Sr,CuO, the destruction of antiferromagnetism at z U 0.05 
has been generally explained as follows. The doped hole is accommodated with the 
2p,,, orbital of O,,,. This would result in an increase in the correlation between 
the holes in d12 and in 2 ~ , , ~  with antiparallel spin (S = i), giving rise to frustration 
of the antipadel Cu spin a l i m e n t  

The critical content x N 1.0 in La,-,Sr,Ni04 is, however, extremely large 
compared with z N 0.05 in La,-,Sr,CuO,. lb explain this result, Cava et ul [12] 
suggested that the doped holes primady go into the 3dZ2 and then into the 3dELyZ 
orbitals in a continuous fashion, because the lattice parameter c increases up to 
z z 0.5 (see Sgure 1). For complete understanding of the transition mechanism 
for LaSrNiO,, however, a microscopic view of the hole distribution in Ni and the 
surrounding oxygen atoms is required. 

In this section, we discuss possible mechanisms that produce some characteristic 
properties observed by 13'La NQR in hNiO,+,  in comparison with the corresponding 
properties in h C u 0 4 .  

4.1. Magnetic structure 

In the AF state, the alignment of the Ni moments determined by neutron diffraction 
[7] is in the direction along the (110) axis in the basal plane. The spectrum of 13'La 
NQR in the WNiO,,, single crystal when Hm is applied indicates that the direction 
of Hint at the La site is close to the (110) ads (angle B = 77' with the c axis). If 
one takes the crystal symmetry into account, the direction of Hint at the La site is 
consistent with the alignment of the Ni moments along (110). 
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In the m e  of La@04 [18,20] the experimental magnitude of Hint (Hint = 
1.0 kOe; 0 = 78O) has been explained by the dipole field Hdip, originating from the 
Cu moments in the sublattice structure in which the magnetic moment (1 pB) orders 
antifemmagnetically in the basal plane with slight canting along the c axis (figure 
13(b)). However, the magnetic moment of Cuz+ measured by neutron diffraction 
[22] is only about 0.5 pw Thus the dipole field caused by Cuz+ is not sac ien t  to 
explain the experimental magnitude of Hi, at the La site. In the case of hNiO, ,  
the experimentally large magnitude of Hht (Hht = 26.2 kOe for La(1) and 18.3 kOe 
for La(I1); 0 = 77') cannot be explained at all by the dipole field caused by the NiZf 
moment of 1.6 pB [SI. 

In the ionic picture of (La3+)2(Ni2t)(Oz-)4, two holes are present in 3d,2-v2 
and in %Iz2 orbitals of Ni and two holes in the 6s orbital of La. The holes in both 
6s and 3d,, will migrate to the 2p, orbital of Oap. Recently, " h a s h i  et al [U] 
reproduced theoretically the experimental magnitude of €Iht in La2Ni0, by a cluster 
model calculation, where the interference of the migration of the holes in 6s and 3d,~ 
with parallel spin to Zp, is shown to be mainly responsible for the superhyperfine 
interaction, giving rise to the relatively strong Hh, at the La site. 

As can be seen in figure 6, at the La(I) site in La2Ni04., vM(T)/vM(0) (and, 
therefore, HhJ. shows a discontinuous increase of about 1.6% at about 80 K The 
x-ray diffFaction shows that, at the stnrctural phase transition from LMz to L M l  near 
75 K, the lattice parameter c changes continuowly but the parameters a and b vaty, 
with roughly a mean value of the parameters a and b with decreasing T. Thus the 
discontinuity in H,, is associated with the change in the parameter a (b). This gkw 
us important information that Hi,, in a phase dose to tetragonal is smaller than that 
in the orthorhombic phase. 

For the sample with 6 = 0.02, the width of the main resonance lines significantly 
broadens below 25 K, corresponding to the sharp peak in x(T)  at about U) K 
This result suggests the existence of magnetic ordering below about 20 K, the weak 
ferromagnetism along the c axis probably arising from the slight canting of the spins 
(see figure 13(a)). 

4.2 Introductwn of excess q g e n  
We have shown that a somewhat complex 139La resonance spectrum appeared when 
the content of excess oxygen increased from 6 = 0.00 to 0.10 and could be 
reproduced by the spectrum given by one of three parameter sets (Hint = 26.2 kOe; 
vQ = 8.7 MHz), (Hht = 18.3 kOe; vQ = 4.0 MHz) and (Ifh, = 17.8 kOe; 
uQ = 2.6 MHz), or by superposition of the spectra. 

The NQR spectrum for La2Ni0,, at 1.4 K shown in figure 3(u) indicates the 
existence of two inequivalent La sites with comparable contents: the La(I) site with 
H,, = 26.2 kOe and uQ = 8.7 MHZ and the La(I1) site with H,, = 18.3 kOe and 
uQ = 4.0 M H z  As the profile of the spectrum does not change up to T rr 200 K, 
the appearance of the two inequivalent sites does not correlate with the structural 
phase transition from LTO~ to LTO~ at 75 K. The x-ray pattern at room temperature 
indicates that the sample is in a weU characterized single orthorhombic phase. Thus, 
for the La(1) and La(I1) sites in %NiO,,, we cannot find any difference in the 
aystal symmetries or in the lattice parameters. 

The discretization of the H,,, and vQ magnitudes obtained from the 139La NQR 
spectra suggests that there are some specified contents 6sp at around 0.00, 0.02 
and 0.1 where the accommodation of the excess oxygen is stable, probably forming 
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superlattices of the interstitial oxygen atoms. The appearance of the two inequivalent 
La sites in La,NiO,., could be understood if the sample were composed of two parts 
in the microscopic region with 6,, N 0.00 for La(1) and 6, - 0.02 for La(I1). 

H,, and va exhibit a sudden decrease on increase in J,-from 0.00 to about 0.02 
This H,, discontinuity is considered to be attributed to the structural change from 
1x0~ to H T ~  with the introduction of excess oxygen because, as we have indicated in 
section 4.1, Hi,, in the LTO~ phase close to the tetragonal phase is smaller than in the 
LTO~ phase. Gopalan et a1 [SI observed a similar discontinuity in TN at 6 0.005. 
They suggested the possibility that the TN discontinuity correlates with the decrease 
in orthorhombicity with increasing 6. The interstitial accommodation or the lack of 
oxygen requires local lattice distortion, giving rise to a distortion of the NiO, units 
[24]. This would significantly change the Ni-O,,-La superhyperfine interactions. 

4.3. Sr substitution for La 
Destruction of the antiferromagnetism and theappearance of the non-magnetic metal 
phase occur at the large SI content I rz 1.0. The magnitude of Hi,, remains 
almost constant in the region 0.04 < P 5 0.7, where P denotes the Ni-0 valency. 
The extremely large critical Sr content in La,-,Sr,NiO,+, in contrast with that in 
La2-,Sr,Cu0, might be possible if the doped holes go first into Ni 3dZ2 up to 
P 0.5 [12] and then into 3dgl-yl; the latter would induce spin frustrations of 
Ni at large P. If this is the case, we can expect some variations in Hint in the 
range I = 0-0.5, following the theory of 'Mahashi et a1 [U]. The increase in the 
up-spin hole occupation in 3dZz should increase the hole transfer to 2p, of O,,, 
counteracting the up-spin hole transfer from La 6s to 2p,. Thus, in the La 6s orbit, 
the difference between the amounts of u p  and down-spin occupation is considered to 
increase, resulting in an increase in H,,. This disagrees with the experimental result. 

Thus the Hint plateau up to P N 0.7 leads to the conclusion that (he doped holes 
prima+ go info the 3d,2-vz orbual. Igarashi 1251 suggested that the doped holes 
possibly go into 3d,l-yz without producing spin frusaations of N i  The reason is as 
follows. The doped holes accommodated in 2p,,, of Oplaaar increase the correlation 
between the holes in dg2-yl and in pZ,* with antiparallel spins, as in the case of 
La&k,CuO,. However, because of the large number of Ni spins (S = l), the AF 
superexchange interaction between the Ni spins can still remain. 

4.4. Frequency shifl of the resonance line ty HeM in the orrhorhombicphase 

The splitting of the resonance line (figure 4(a)) when H, is applied along (110) of 
the single crystal is analysed as indicative of the AF ordering axis being in the direction 
along (110). The magnitude of the frequency shift (0.10 MHz kOe-I) caused by H ,  
is, however, very small compared with the value of yN (= 0.601 MHz kOe-') for 
139La. The resonance frequencies of the split lines will be given as follows [26) 

= (yN/2*)IADMI - (12) 

(12') v2 = (.I,/~*)IA&~ t Hal 
where MI = M2 is the local magnetization, A, is the hyperfine interaction constant 
and the magnetic dipole field is neglected. When non-zero parallel susceptibility xII 
of the antiferromagnet is allowed for, then the local magnetizations are given by 

M I = M o +  XllHatl2 M Z = M O - X I I H , P  (13) 
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respectively. Gopalan et a1 [8] observed the parallel susceptibilities in La,NiO,,, 
below 650 K. The magnetic moment induced by Hm may occasionally reduce the 
frequency shift of the resonance line. 

4.5. Temperature dependence of Hi,, 
In the case of La,CuO, [18] the dependence of the resonance frequency on T 
was in accord with the prediction of spin fluctuation theory for weak itinerant 
antiferromagnels given hy 127 

(14) 312 112 ~ M ( T ) / ~ O )  = 11- (TIT,) I * 

We could not, however, reproduce the experimental data for La,NiO,,, even if we 
took the value of TN as a free adjustable parameter. 

Then we replotted the experimental data for La(I1) in the form l-vM(T)/vM(0) 
(2  l-Hht(T)/Hint(0)) in figure 14 on a log-log scale. AI1 the data are on a straight 
line and, therefore, proportional to T2.3. The extrapolation of the line reaches a value 
of 1 - Hint(T)/Hinl(0) = 1 at T 2 500 K, giving rise to an estimate of the N6el 
temperature TN. 
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Figure 13. Model of spin structures in (U) la2Ni04 Plgure 14. Plot of 1 - YM(T)/uM(O) on a log- 
and (b) la$uO, obtained by Brill el of [Zl]. log wale: 0, rS(1l) in rSZNi04.W; 0, La in 

b2NiO4.m. 

The spin-wave theoly for a threedimensional AF system [ZS] predicts that 
1 - HhI(T)/HinI(0) is proportional to T2.  This is not too far away from the 
experimental dependence of p.3 for La,NiO,,, (6 < 0.02). Thus sublattice magnetic 
moments qf N i Z t  erhibit a belraviour close to the localized spins, rather than the ihemnt 
behaviour of Cu2+ in La2Cu04 [NI. 

4.6 l2mperaIwe dependence of TI 

As shown in figure 10, the I3'La relaxation rates 'Ti' for both La(1) and La(I1) are 
proportional to T2.6 below about 20 K. This temperature dependence is close to the 
theoretical prediction of T3 based on the spin-wave model for the threedimensional 
AF system 1281. 
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Recently, Chakravarty et af [29] calculated T;' in the quasi-twodimensional 
antiferromagnet La,CuO,, paying particular attention to the form factors associated 
with different nuclear sites. If we define A = Z S m ,  a scale of the crossover 
between two- and threedimensional behaviour (J and J' are the inter-planar and 
intra-planar couplings, respectively), the T;'-values in the twodimensional regime 
TN B T B A are given by 

I/* - (aT/hc)T/A (15) 

1/TP - A'(aT/hc)"In(T/A) + B'(aT/hc)'T/A (16) 

i/3;cu - ( a ~ / h ~ ) ( ~ / ~ ) 2  (17) 

l/TP - A " ( u T / ~ c ) ~ ( T / A ) ~  + B"(UT/~C)~(T/A)~ (18) 

and in the threedimensional regime T < A by 

with B'/A' U B"/A" Q: 1. Hence, c is the T = 0 twodimensional spin-wave velocity 
and a is the lattice spacing. A e 20 K for La,CuO.,. The different behaviours of 
l/F and l/Tlh arise because, at the La sites, the short-wavelength ffuctuations with 
Q = (a/a,  * /a ,O)  would be almost filtered Owing to the geomebical cancellation. 

In the case of $NiOel.6, if we take J U 20 meV and J' % 1.1 meV 1301, A is 
estimated to be about 100 K, being much higher than for La2Cu0,. Thus the low- 
temperature l/Tl data are in the three-dimensional regime. The fl .6 dependence 
observed experimentally is far from T'-7 dependence given by equation (18) but close 
to dependence given by equation (17). So we must conclude that the observed 
reloxalion can be ascn3ed to Khe short-wavekngfh flucfuafions. This may be plausible 
in &NiOel.,, because approximately one hole occupies Ni 3dZr which is hybridized 
with Zp, of O,pen, providing a strong La relaxation channel. 

As for the magnitude of the relaxation rate, T;' is expected here to be 
proportional to Hil. This disagrees with the experimental result that T;' at La(1) 
(His = 26.2 kOe) is smaller than Ti' at La(I1) (Ifht = 18.2 kOe). In addition, 
the experimental magnetization recovery gives at least two relaxation rates, namely 
(q)-* and (?':)-I, for each of the L a  sites with the same Hh,. Thus, one must 
take the other parameters that control the magnitude of 1/TP into account, such as 
the local change in the value of A. 

On the other hand, as shown in figure 10, T,-' shows a broad bump at about 
40 K for both La@) and La(I1) sites. A similar enhancement in T;' was observed in 
I.apZu0, at about 7 K 1311. One cannot attribute it to quadrupOle relaxation caused 
by lattice instabilities associated with the ~~o~-to-Lm~ phase transition, because the 
phase transition at the La(1) site does not occur at the La(I1) site in &NiO,,. It 
is also dficult to attribute it to the other possible structural fluctuations, because it 
should be effective at different T-values for La(I) and La(I1) observed at the different 
resonance frequencies 11.7 and 18 MHz 

Contrary to the strongly T-dependent Ti' in the deoxygenated samples, T;' in 
oxygenated La,NiO,l, is almost independent of T and very large. It has been 
suggested that the highiy oxygenated sample contains a considerable amount of 
NP+ ions. The T-independent Ti' would, therefore, be associated with Ni3+ spin 
fluctuations caused by possible exchange couplings between the Ni3+ spins. 

As a final conclusion, our study shows that, even if the 139La NQR behaviour of 
the &Ni04 system is highly complex, some marked differences from the J-a+O, 
system exist, originating from the difference in the hole and spin numbers. 
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(1) The large internal magnetic field at the L a  site is controlled by interference 

in the migration of a second hole of Ni in 3dZz and a hole in La 6s with the parallel 
spin on 2p, of Oaw 

(2) The strong discontinuity in H,, and EFG at 6 E 0.02 is attributed to the 
LTO-to-Wrr crystal phase transition. 

(3) Hit remains almost mnstant for Sr substitution up to z E 0.7, in support 
of the idea that the doped holes go first into the Ni 3d,, orbital without producing 
NI-Ni spin frustrations. 

(4) The T dependences of H,, and T;' at IOW T are explained basically by the 
spin-wave theory for threedimensional antiferromagnets and, therefore, the sublattice 
magnetic moments of Niz+ are close to the localized spins. 

(5) The low-temperature T;' proportional to TZ6 indicates that the 13%i 
relaxation is attniuted significantly to the short-wavelength AF fluctuations 
notwithstanding the geometrical cancellation at the La site. 
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