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ABSTRACT 

Present neutron scattering and magnetization measurements reveal that La2Ni04+g 
provides lots of varieties of physical properties, in particular in magnetism, as a 
function of the excess oxygen concentration. Observed experimental results resolved 
the complexity in the magnetic phase diagram of the previous works . At least three 
different antiferromagnetic phases separated by the biphasic regions are discovered in 
the present concentration range. In particular the samples with 5 larger than about 0.1 
exhibit a new type of magnetic ordering with the in plane cycloid-type incommensurate 
modulation. 

l.INTRODUCTION 

La2Ni04 is one of typical materials of the two dimensional (2D) square lattice 
antiferromagnet with spin value S=l. Such compounds are conventionally called 2-1-4 system 
and La2Cu04, a progenitor of the high Tc superconducting copper oxide, belongs to the same 
family. The crystal structure of these compounds is called T-type structure, where octahedron 
formed by six oxygen atoms with a 3d metal cation at the center determines the symmetry of the 
crystal. It is well known that the crystal structure and magnetic structure of these compounds 
are closely related in each other and that oxygen non-stoichiometry strongly affects the physical 
properties of the system. Many experimental studies on La2Ni04 were carried out, but the 
results are rather complicated and contain many discrepancies. These complexities mainly come 
from the difficulty in controlling the oxygen stoichiometry of the specimens. The systematic 
study using samples with correctly regulated oxygen content is indispensable to make these 
problems clear. La2Ni04+8 has wider excessive oxygen solubility range compared with other 

2-1-4 systems and the 5 value can be widely varied by annealing in the reductive or oxidizing 
atmosphere. In other words, this material is a good example to investigate the effects of the 
excess oxygen on various physical properties systematically and quantitatively. We attempt to 
make clear the process of oxidizing in this system and finally to compile the detailed magnetic 
phase diagram versus 8 of this system. We obtained a number of important and new facts of the 
physical properties of the whole system and made the origin of complexity in the previous 
studies clear. 
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2.EXPERIMENT 
In all the experiments performed in this study, the single crystals grown by means of 

floating zone method were used. Single crystal La2Ni04 always contains excess oxygen from 
stoichiometry in the as-grown state. We adopted CO+CO2 mixed gas for the reduction because 
of its high thermal stability and N2+O2 mixture for oxidation. The anneal was carried out for 4 
hours at 1000°C. We could obtain single crystals of 8 range between 0 and 0. IS in the present 
study. The average 8 value of the specimens were determined by the conventional iodmetry 
titration. 

The magnetization measurements were carried out using both the vibrating sample 
magnetometer (V.S.M.) and the SQUID magnetometer (MPMS, Quantum Design) for the 
samples annealed as above. The measurement was performed within the temperature range of 
4.2~300K with the applied external magnetic field 0~2T. The SQUID magnetometer could be 
used in the temperature range 5 to 3S0K and the external field 0 up to IT. 

Neutron diffraction experiments were performed for the single crystals of the size 0.1~lcc 
on the Tohoku University Neutron Scattering Spectrometer of TUNS and TOPAN installed at 
JRR-2 and JRR-3M of Tokai Establishment, JAERI respectively. The incident neutrons were 
monochromated by Ge (311) reflection at TUNS and by pyrolytic Graphite (002) TOPAN. The 
temperature of the sample was controlled between 10K and room temperature with the 
resolution of ~1% using He- closed cycle refrigerator (cryogenics CTI, Lake Shore). 

3.RESULT 

3.1 Stoichiometric La2Ni04 

Since details of stoichiometric La2Ni04 were described in our separate paper*), we only 
summarize characteristic features here. We experimentally confirmed that the Neel temperature 
of stoichiometric sample is 328K (Fig.2(a)) and that the structural transition occurs at 
Ts=70K, from the orthorhombic Bmab phase to the tetragonal P42/ncm or the orthorhombic 
Pccn with small orthorhombicity. The previously proposed spin structure with Bmab crystal 
structure^) is shown in Fig.l. Here the spin direction [100] is perpendicular to the direction of 
the tilt of the Ni06 octahedron, therefore canting Ni spins out of the NiOg plane should not 
occur. Due to the structural transformation, the magnetization shows a sudden jump (Fig.3) 
caused by a net weak ferromagnetic moment along [001]. A spin reorientation which allows 
the spin canting occurs at Ts (Fig.2(c)) and consequendy the weak ferromagnetism appears in 
the low temperature phase. 

Fig.l) Cristal structure of 
La2Ni04 (a). The small 
arrows denote the 
displacement of oxygen 
atoms. 

Schematic drawing of the 
Ni06 octahedron tilt in Bmab 
phase (b) and P42/ncm or 
Pccn (c). The arrows denote 
the spin direction of Ni ion. 
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3.2 The effect of excess oxygen 

As shown in M-T curves for samples with 0S5<0.014 (Fig.3), a tiny change in 5 value 
causes a drastic change in magnetic properties of this system. The small amount of excess 
oxygen smears the jump of the moment at Ts, showing that the low temperature structural 
transition is very sensitive to the excessive oxygen. As decreasing the weak ferromagnetic 
component, anolher anomaly becomes noticeable around 21 OK. The field cooled magnetization 
measurement for 5=0.014 detects an appreciable weak ferromagnetic moment between 70 and 
210K. However a small kink still exists at 320K. 

. (a)5=0.00 

.S 
§ •a 
u 

I 6. • 

[\ (e)5=0.07 
1 
« 
• • 

• 
" « 
. * 

• 
• 
• 

- • 
• 

(f)5=0.10 

•v 
\ 

• \ 

• \ 

; A 

(g)5~0.122 

Incommensurate 

i i (h)5=0.125 
Incommensurate 

0 100 200 300 0 100 200 300 
Temperature(K) 

Fig.2) The temperature dependence of 
magnetic reflection intensity at (0,1,1) 
(a~f) ,(0.73,0,0) (g) or (0.725,0,0) (h) 
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Fig.3) Magnetization under lTesla field 
parallel to [001] for the lTesla field 
cooled samples with various 5. 

The temperature dependence of magnetic (011) intensity for the sample with 8=0.014 from 
the neutron diffraction (Fig.2(b)) exhibits a discontinuous decrease on warming. There seems 
to exist two distinctive phases which have different TN=320 and 210K corresponding to two 
anomalies observed by the magnetization measurement. The anomaly at 210K can be concluded 
the Neel temperature of the new phase. Therefore, the excessive oxygen does not change the 
T N drastically in the original phase, but induces another phase with different T N and different 
oxygen content. The phase separation occurs even in a very dilute oxygen concentration region 
such as 6=0.008. Here we define a stoichiometric one as phasel and the excess oxygen induced 
phase with T N ~ 2 1 0 K phasell. The peak profile of nuclear (400)/(040) for 8=0.001 showing 
tripled peak above Ts cannot be explained by twin structure of single orthorhombic crystal, 
such a reflection pattern suggests the coexistence of multi-phases of phasel and phasell. For 
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8=0.018, we obtained a specimen composed of almost single phase of the phasell. The (011) 
magnetic intensity almost disappears at T N I I = 2 1 0 K , and a small fraction of intensity come 
from phasel remains up to 320K (Fig.2(c)). Corresponding to the TNII=210K, a broad peak in 
magnetization appears (Fig.3) and a weak ferromagnetic moment exists below this temperature. 
The existence of the weak ferromagnetism shows that phasell has a spin canted magnetic 
structure as in the case of low temperature phase of stoichiometric one, though the crystal 
structure of phasell seems to be orthorhombic with a smaller distortion from the line width of 
the nuclear reflections. Although there is no change in fundamental La2Ni04 -type spin 
structure, the phasell has a different magnetic structure with a different spin canting due to a 
broad peak in magnetization at T N and the weak ferromagnetism observed below this 
temperature. 

Judging from the (Oil) intensity in the neutron diffraction experiments (Fig.2(d)), we 
concluded that the phasel which has T N of over 300K does not exist for 8>0.02. The (011) 
intensity indicates that there occurs a discontinuous change again, while the magnetization 
exhibits two peaks corresponding to two step decrease in the magnetic intensity. The specimens 
in the region 0.02<S<0.07 also consist of two phases as in the region 0<5<0.02. In this 
region, the specimens are composed of two phases with the Neel temperature 90K and 180K. 
The one with T N = 1 8 0 K is identical to the phasell and 90K is a new oxygen richer phase 
induced by further oxidation. Different from phasell case, the appreciable increase of weak 
ferromagnetic moment was not detected at 90K. The phaselll is thought to have a spin structure 
without spin canting, or with canting which alters its sign in the adjacent layer. 

As we described above, three distinctive phases with different magnetic ordering 
successively appear in different oxygen content. The excess oxygen content of respective 
phases are 8=0,0.02 and 0.07. Observed nuclear peak width indicates that the phasell and 
phaselll have crystal structure with less orthorhombicity than phasel at T>Ts. We will make 
further structural refinement to distinguish the phasell and phaselll. 

3.3 a new phase with incommensurate spin modulation 

Up to 8=0.1 the fundamental La2Ni04-type spin structure was conserved. On the other 
hand, the magnetic properties drastically change in the region 8>0.1. The specimen of 
8=0.126 has the magnetic reflections splitted on the reciprocal space. This splitting indicates 
that the magnetic order of this system is modulated with an incommensurate periodicity. The 
temperature dependence of the intensity for the one of splitted reflection (0.725,0,0) is shown 
in Fig.2(g). It has a critical transition at TN=110K. Corresponding to the Neel temperature, the 
magnetization in the 2D plane exhibits a sharp divergence (Fig.4). The fact implies that the 
stable single phase material exists in the vicinity of this 8 value. A new phase appears by the 
doping excess oxygen in such a high oxygen concentration region. The splitting of the 
magnetic peak in q is 0.275(r.l.u.) which corresponds to the modulation period of about 3.64 
lattices and the direction of the modulation is parallel to the splitting vector Ad=(0.275,0,0) for 
8=0.126. A probable model for this modulation is either the spin density wave or the helical 
structure in 2D plane (cycloid). Since we observed intense magnetic reflections on the 
scattering vector Q=(h,0,0) which is prohibited in the stoichiometric La2Ni04-type structure, 
where spin direction S is parallel to scattering vector Q, this structure must contain the 
modulation for the spin direction. Therefore, the cycloid type structure rotating in the a-b plane 
is most likely. Such a magnetic reflection can be explained for using the spin structure 
presented in Fig.5. 
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Fig.4) Temperature variation of 
magnetization for zero field cooled 
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Fig.5) The spin structure model with 
unique cycloid moduration along [100]. 
One Ni02 plane is depicted. 

One Ni02 plane at z=0 is depicted in this figure, where arrows are the moment of the Ni 
ion, the square at the center, the magnetic unit cell in this plane and dashed arrow represents the 
propagation vector of the cycloid-type modulation. The original spin structure is the La2Ni04-
type, and the interplane nearest coupling is ferromagnetic. One unique cycloid type modulation 
is taken along [100] in one domain. We conclude here a new type of the spin modulation as 
describe above within the oxygen concentration range 0.12<5<0.152. It should be noted that 
the Neel temperature changes as 5 increases. Although the splitting of the magnetic reflection is 
varied with 5 , the intensity pattern seems to be unchanged and thus the modulation in the 2D 
plane remains essentially unchanged. 

4.SUMMARY 

We present the magnetic phase diagram for La2Ni04+5 system compiled from our 
experimental result (Fig.6). We mark here that the 5 value described is the average value in a 
whole specimen. We confirm at least the existence of three phases with different oxygen 
content at 5=0, 8=0.02 and 5=0.07-0.10 separated by two mixture-phase regions. The 
oxygen concentration and physical properties of the single phase of phasel and phasell are 
expected to vary very little. In these two phase regions, the oxygen concentrations of both 
phases are almost unchanged but the volume fraction is shifted. The total oxygen content 8tot 
was determined from the existing ratio of each phase, that is 

8tot= SiPi + SjPj . 
where 5 y and Pij denote excess oxygen concentration and existing ratio of the phasei J 
.respectively. Though the existence of other phases with much smaller fraction cannot be 
discarded completely, the continuous change upon introduce of excess oxygen which have been 
expected was not observed in this system. Thus we concluded a discontinuous change caused 
from a phase separation in this study. Most of the results in previous reports can be explained 
by the appearance of three phases. The stoichiometric La2N'04 (phasel) has the spin structure 
without spin canting as was previously proposed between the temperature range TS<T<TN and 
it transforms into the spin-canted structure blow Ts. 
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oxygen concentration and physical properties of the single phase of phaseI and phaseIl are 
expected to vary very litt1e. In these two phase regions， the oxygen concentrations of both 
phases are almost unchanged but the volurne fraction is shifted.百1etotal oxygen content 810t 
was determined frorn the existing ratio of each phase， that is 

8tol=向町+句町・

where ~i，j .an'!..~i，j ~en?te e~cess ox~ge". con~entrati~~ and ~xistin;Ç ra!io o.f伽 phaseij
，respectively. Though the existence of other phases with much srnaller fraction cannot be 
discarded completely， the continuous change up叩 introduceof excess oxygen which have been 
expected was not observed in this systern. Thus we concluded a discontinuous change caused 
frorn a phase separation in this study. Most ofthe resuIts in previous reports can be explained 
by白eap戸 町組問。fthree phases.百1estoichiornetric La2Ni04 (ph儲 eI)has the spin structure 
without spin canting as was previously proposed between the ternperature range TS<T<TN and 
it位ansforrnsinto白espin-canted structure blow TS. 
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The former report about the weak ferromagnetism above the structural transition 
temperature, or the large peak at Neel point in the magnetic susceptibility as a function of 
temperature, must be related to the phasell induced by very small discrepancy of oxygen 
stoichiometry. The accurate control of oxygen stoichiometry is therefore very important in the 
study on these compounds. In La2Cu04-system, the spin canted structure at antiferromagnetic 
phase is also confirmed experimentally . On the other hand, such a spin canting has not been 
observed in La2Co04-system. The appearance of spin canting is a balance of the D-M 
interaction and the single ion anisotropy in the system. The weak anisotropy easily allows spin 
canting in order to gain the D-M energy in cuprate. A severe competition of two energies causes 
the various transformation from non-spin-canted phase to spin-canted phase in La2Ni04-
system. 

In any way, the fundamental La2Ni04 -type spin structure S//a ,t//a is sustained until 
6=0.1. The 8 value is a very large compared with the La2Cu04+g system case, where oxygen 
dope of 5-0.02 suppresses the three dimensional long range order (LRO) and makes this 
system metallic and superconducting. Generally, the doped hole as a result of introducing 
excess oxygen destroys antiferromagnetic exchange interaction between magnetic ions and 
therefore diminishes the Neel temperature. This frustration in nickelate system seems to be less 
effective than in cuprate system. The highly localized character of the doped holes in nickel 
compounds is one possible factor to sustain the magnetic LRO. 

The specimens in the two mixture-phase regions in this phase diagram are composed of only 
two phases suggesting the existence of miscibility gap in this region. Such a miscibility gap 
already suggested for this system. 

3),4) 
A interpretation of existence of phases with discrete 5 value is argued by connecting with the 

excess oxygen ordering^).**). However, we could not detect such an extra oxygen 
superstructure. The ordering of oxygen, therefore, may be realized in an narrow local region of 
the sample. Moreover, the long range oxygen order in small excess oxygen region such as 
5=0.02 corresponding to our phasell, cannot be detected and therefore it might not be realized. 
If oxygens order in such a dilute region, the mixture region composed of a quasi-continuous 
change will occur in the vicinity of 5=0. That is incompatible with our result. Another 
suggestion for the phase separation is given by Baird et al. 7) considering the electronic 
structure in Nd2-xC«xCu04 system. They execute a tight binding calculation as a function of 
the electron doping level and discussed that the competing requires of the Madelung energy and 
the electronic energy cause two different crystal geometries which give infinitesimal orbital 
energies and consequently a phase separation takes place into two phases of the different 
geometry. They pointed out that the crystal geometry and electronic structure is closely related. 
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The fonner report about the weak ferromagnetism above the structural transition 

temperaωre， or the Jarge peak at NeeJ point in the magnetic susceptibiJity as a funclion of 
temperature， must be related to the phaseII induced by very small discrepancy of oxygen 
stoichiom甜 y.The accurate control of oxygen stoichiometry is therefore very import加 tin the 
蜘 dyon these compounds. In La2Cu04-system， the spin canted structure at antiferromagnetic 
phase is also conf111lled exp釘imentally. On the other hand， such a spin canting has not been 
observed in La2Co04・system.The appearance of spin canting is a balance of the D-M 
interaction and the single ion aniso回 'pyin the syslem. The weak anisotropy easily allows spin 
canting in order to gain the D-M energy in cuprate. A severe competition of two energies causes 
the various回 nsfonnationfrom non-spin-canted phase to spin-canted phase in La2Ni04-
system. 

In any way， the fundamental La2Ni04 -type spin structure SI/a ，'Clla is sustained until 
8=0.1. The 8 value is a very large compared wi血theLa2Cu04+o system case， where oxygen 

do戸 of8-0.02 suppresses the three dimensional long range order (LRO) and makes this 
system meta1lic and superconducting. Generally， the doped hole as a resu1t of introducing 
excess oxygen des町oysanliferromagnetic exchange inleraction between magnetic ions and 
the偲forediminishes血eNeel tempera制re.百 isfrustration in nickelate system seems to be less 
effective than in cuprate sys飽m.The high!y locaIized character of thedoped holes in nickel 
compounds is one伊 ssiblefacω，r to sustain the magnetic LRO . 

wJlzzrz;;;誌な:32322122品15i;;yr出;:2323お?25221S2;
alr伺 dysuggestec:t for this system. 3)，4) 

Ain旬rpretationof existence of phases with discrete 8 vaIue is argued by connecting with the 
excess oxygen ordering5)，6). However， we could not detect such an extra oxygen 
superstrucωre.百 eordering of oxygen， therefore， may be reaIized in an narrow locaI region of 
the sample. Moreover， the long range oxygen order in smal1 excess oxygen region such as 

8=0.02 corresponding to our phaseII， cannot be detected and therefore it might not be reaIized. 
If oxygens order in such a dilute region， the mixture region composed of a quasi-continuous 
change will occur in the vicinity of 8=0. That is incompatible with our result. Another 
suggestion forぬephase separation is given by Baird et al. 7) considering the electronic 
structure in Nd2・xCexCu04system. They execute a tight binding calculation as a function of 
陶 elec回，ndoping
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In our results, the most exciting difference from the previous studies is that we confirmed a 
single phase material and the existence of the incommensurate order phase in 5>0.12, where 
this system was thought to have no magnetic order previously. In the range of 5>0.12 we 
confirmed the three dimensional magnetic LRO with the cycloid type modulation. The Neel 
temperature increases as increasing oxygen concentration 5 in this area. It is a rather peculiar 
tendency that the doped oxygen sustain the magnetic LRO. Such a modulated spin structure is 
realized by spin Hamiltonian taking long ranged next nearest neighbor exchange with the 
nearest neighbor interaction. Here let us suppose the spin as a classical vector (Fig7). The spin 
Hamiltonian is, 

£ jnni jSj -Sj+ E j n n n j j S i S j 
nn J J nnn J ' 

here Jnn denotes exchange between nearest neighbor spin and Jnnn, next nearest neighbor. If 
Jnn < 2JnnnCOs8, then the modulated spin structure should be stabilized. The norm of the 
propagation vector of the incommensurate modulation is 

Ikh^-cos-ifjJUB-cosS) 1 ' 2n \2Jnnn I 

-e+5. I :e+8 

-%£ '• I ! b£. 
\
' I ! Fig.7) Modulated spin structure. The 

3f nearest and next nearest neighbor spins 
^ are depicted. t 

where a is the lattice constant. From our experimental result, cos9=44.5° and cos8=5° , 
Jnn/Jnnn is estimated to be 1.44 for the sample with 5=0.126. The doped hole works to 
enhance next nearest neighbor exchange. 

To conclude, we made the oxidizing process of La2Ni04+8 system clear throughout our 
experimental studies. We observed many important new facts about the physical properties of 
this system owing to the systematic investigation using minutely regulated specimens. 
However, a lot of interesting subjects is not elucidated yet, such as the crystal symmetry of the 
phasell and phaselll, dynamical property of oxygen doped system or the nature of peculiar 
transition of incommensurate phase and so on. Further information will be obtained in the 
future neutron experiments. 
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here Jnn denotes exchange between nearest neighbor spin and Jnnn， next nearest neighbor. If 
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Fig.7) Modulated spin structure. The 
nearest and next nearest neighbor spins 
are depicted. 

where a is the lattice constant. From our experimental result， cos6=44.50 and cos5=50 ， 
Jnn/Jnnn is estimated to be 1.44 for the sample with 5=0.126. The doped hole works to 
enhance next nearest neighbω・exchange.

To conclude， we made the oxidizing process of La2Ni04+5 system clear throughout our 
experimental studies. We observed many important new facts about the physica1 properties of 
this system owing to the systematic investigation using minutely regulated specimens. 
However， a lot of interesting subjects is not eluCidated yet， such as the crysta1 symm柑 yofthe
phaseII andJlhaseIII， dynamica1 property of oxygen doped sys飽mor the nature of peculiar 
transition of incommensurate phase and 50 on. . Further information will be obtained in the 

future neutron experiments. 
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