
Proceedings of the Fifth International Symposium 
on 

Advanced Nuclear Energy Research 

NEUTRONS AS MICROSCOPIC PKOUUS 

1-6 
RECENT DEVELOPMENT IN MAGNETIC NEUTRON SCATTERING 

STUDIES 

Yasuo ENDOH 

Department of Physics, Tohoku University 
Aramaki Aza Aoba, Aoba-ku, Sendai 

980 Japan 

ABSTRACT 

Neutron scattering results contain many new concepts in modern 
magnetism. We review here the most recent neutron magnetic 
scattering studies from so called "214" copper oxide lamellar 
materials , because a number of important developments in 
magnetism are condensed in this novel subject. We show that 
neutron scattering has played a crucial role in our understanding 
of modern magnetism. 

INTRODUCTION 

The most remarkable highly correlated electron systems are the 
lamellar copper oxide materials'). Due to the strong electron correlation 
in d orbitais, La2Cu04, for instance, becomes an a ntiferro magnetic 
insulator of the charge transfer and it undergoes a metallic phase 
transition upon charge doping. Since the doped metals of these lamellar 
copper oxides exhibit the high temperature superconducting state2*, 
their fundament-al properties have been extensively studied in various 
ways3). Physics of the high temperature superconductor are so unusual 
that many data obtained from different experiments of transport, 
thermodynamic and magnetic properties should be interpreted 
consistently with a unified model. As far as we know, there exists no 
satisfactory theory to solve this subject. Among many experiments, 
neutron scattering plays an essential role providing unique data 
showing both static and dynamic spin fluctuations in microscopic scale, 
since the inherent relation between spins and electronic charges must 
be crucial for exploring the microscopic mechanism of the appearance of 
the high temperature superconductivity. 

We have elucidated La2-xSrxCu04 crystals systematically from x-0 
undoped insulating a ntiferro magnetic state to x-0.15 doped supercon
ducting state with TC-36K, besides several reference compounds which 
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belong to the same family of so called "214" lamellar metallic oxides. The 
magnetism in the present system varies dramatically as the function of 
the doping concentration x. Therefore magnetism in "214" materials is 
extremely rich in physics. The aim of the present paper is to show 
several challenging data which contain the most recent development of 
neutron magnetic scattering studies. Therefore we will not specifically 
discuss the high temperature superconducting mechanism, but we will 
emphasize that only neutron scattering can probe such significant 
changes in spin fluctuations with very narrow range of x. Furthermore 
we raise many important issues in modern magnetism by taking such 
key words underlined in the following text that have been established in 
recent years. 

SPIN CORRELATIONS OF 2D HEISENBERG ANT IFERRO MAGNET 

La2Cu04 can be metallic unlike many ceramic materials according 
to the band calculation*). However this material, in fact, is an anti-
ferromagnetic insulator due to the strong electron correlation effect in 
the copper d bands. Therefore the Fermi energy meets exactly in the 
energy gap splitted off by the large intra-atomic exchange interaction. 
Nearest neighbor Cu*2 spins are thus coupled antiferromagnetically with 
each other by the 180 superexchange interaction of Gr2-0-Cu*2. The 
antiferromagnetism in La2Cu04 is not so simple as expected primarily 
due to an orthorhombic distortion ( Bmba ) b v t n e small rotation of the 
octahedron network of oxygen atoms surrounding Cu*2 ions at the 
center. Cu*2 spins are canted out of Cu02 planes towards perpendicular 
direction to the plane by the antisymmetric exchange interaction, so 
ca'ed Dzvaloshinski-Moriva interaction^). When the magnetic field is 
applied along the perpendicular direction to the plane , a weak ferro
magnetic moment is induced along the field direction. Another 
complication comes from the fact that the Neel temperature (T^) at 
which the antif erro magnetic long range order (LRO) is established, 
decreases substantially with the existence of a small amount of excess 
oxygen6'. 

Excess oxygen in l^CuO^g is considered to be immiscible and the 
chemical phase separation might occur71. Judging from the fact that T^ is 
continuous as the function of 6, no such an evidence indicating the phase 
separation induced by excess oxygen inclusion has been obtained at 
least 6 is less than 0.03. Upon oxygenation of L^CuO^g, the antiferro-
magnetic order parameter curve ultimately shows a reentrant behavior 
at low temperatures. Simultaneously enhanced central component of the 
magnetic diffuse scattering appears around the antiferromagnetic Bragg 
p e a k 8 \ This spin class behavior is reasonably explained by ULS. 
frustration modefH Spins in the extra holes localized in oxygen orbitals 
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in Cu02 plane couple antiferromagnetically with nearest neighbor Cu*2 

spins. Eventually the occurrence of the spin class phase is seen in light 
doped La2-xSrxCu04 system. 

In this respect, La2Ni04+§ shows the immiscibility gap effect in 
magnetic properties10). The fact that the stable La2Ni04 phase realizes 
only in the limited oxygen concentration very near at the stoichiometry 
range is a remarkable contrast to the case of La2Cu04+gdescribed above. 
There has been observed at least two immiscibility gaps as the function 
of excess oxygen concentration in the small range of 8 ( 5< 0.07 ). 

Though the 3D antiferromagnetic LRO realizes by the weak 
magnetic interaction connecting Cu02 lamellas, the intrinsic magnetism is 
dominated by the Heisenberg antiferromagnetic exchange interaction 
acting in the Cu02 plane. Spin dynamics at low temperatures well below 
T N are reasonably described by the simple spin waves propagating in 
the plane. Inelastic neutron scattering shows a very clear evidence that 
a sharp resonance appears at o - a>q, where the spin wave dispersion, <»<, 
is simply approximated by Jsinq2D- In order to complete the spin wave 
dispersion curve, the conventional 3 aiis spectroscopy is not enough but 
the time of flight (TOF) method using the pulsed spallation source has 
been combined. Since the TOF method scans in a wide momentum space 
in the scattering plane at once, the scattering geometry can be chosen in 
such a way that a scattering locus satisfies the resonance condition at 
several points on the spin wave dispersion curve. The combination of 
the data collected by two complementary method determines the exact 
spin wave dispersion relations of both L^CuO^U and La2NK>4,2) and 
hence determines microscopic parameters of the magnetic exchange 
interaction and anisotropy which can be used to further analysis of 
thermal properties of spin fluctuations at finite temperatures. 

At elevated temperatures, spin dynamics deviates from the simple 
spin wave modes toward thermal fluctuations restricted by the strong 
2D antiferromagnetic spin correlations. Neutron magnetic scattering is 
coherent only in the plane. Correspondingly, when the scattering plane 
is taken in the reciprocal plane spanned by the a* and c* axes, magnetic 
scattering appears along the Bragg rods parallel to the c* axis, where the 
rods cross at ( h. 0 ) or ( 0, k ) with odd h, k. Energy integrated 
intensities which correspond to the instantaneous spin-spin correlation 
function, < S(Q)S(-Q) > were successfully analyzed by the theoretical 
models treating the 2D quantum Heisenberg antiferromagnetic system 
I l ) . Such theories treating the quantum effect which governs thermal 
spin fluctuations include either the renormalized spin wave velocity or 
the scaling function as the adjustable parameters. These values are 
often given by the model calculations but the direct evaluation cin be 
made by using experimentally determined parameters mensioned 
above. 
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Another peculiarity is the large suppression of the critical spin 
fluctuations near TN. The divergence of the correlation length towards 
TN usually induces the critical slowing down of fluctuation energy 
associated with the cross-over from the high temperature to the low 
temperature property; for instance, in this case, it shows the high 
temperature 2D Heisenberg type to the low temperature 3D XY or I sing 
type. In La 2Cu04, the cross-over is unclear probably due to the strong 
effect of quantum fluctuations on spin dynamics. On the other hand, the 
dimensional cross-over was observed in La2Ni0413*. It is compared with 
the cross-over of the spin symmetry from Heisenberg to Ising in K2NiF4 
near T N M ) . 

METAL INSULATOR TRANSITION AND SPIN FLUCTUATIONS 

Upon substitution of either divalent or tetravalent cations such as 
Sr, Ce etc. to La, electronic charges of either holes or electrons are doped. 
Eventually the metallic transition occurs at a certain doped concentration 
x. Unlike the Mott transition from insulator to metal, the effective mass 
never enhances near the transition. The 3D antiferromagnetic LRO seems 
to disappear simultaneously at the transition. One surprising result in 
the doped metals is the linear resistance with respect to temperature. It 
is interpreted by the presence of the spin susceptibility term in the 
resistivity expression where the charge and spin term is decoupled J5>. 

When we look at neutron magnetic scattering data from the doped 
crystals of La2-xSrxCu04 with light doping x . we can clearly detect the 
change in the nature of spin dynamics as expec ted 1 6 ' . Temperature 
dependence of the spin correlation length is well interpreted by the 
heuristic relation of the sum of the inverse correlation length, 5o~*. 
which is related to the average hole distance, and that of the thermal 
correlation length. ^ ( T ) 1 in the undoped La2Cu04. Dynamical spin 
susceptibility %"(QG>) which is derived from neutron scattering intensity 
S(Qw), is scaled by tan-'(y), where y is given by o>/T. for the wide range 
of both energy and temperature. Since this scaling behavior is 
theoretically given by either a model of the weak itinerant antiferro-
magnetism 1 ^) or a two band model 1 7 ) in which the hole and electron 
bands at the Fermi energy nested by an exchange interaction. Though 
these models are different in detail, the important fact is that the scaling 
behavior of tan-'(o)/T) in x'(Q<*>) definitely indicates the metallic 
character in antiferro&agnetism for the light doped crystals. It is also 
consistent with the result of the optical conductivity in high frequency 
1 7 \ which shows a drastic change in conductivity even in the small x, 
although the weak localization behavior remains at low energies and low 
temperatures. 
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Finally we present another interesting result that the electron 
doped cuprat.es such as (Nd,Pr)2-iCe xCu04 , 8 ) show somewhat different 
magnetic properties from La2-jSrxCu04. One major oifference is that the 
insulator to metal transition occurs at higher concentration of x, about 
0.15. TN changes more gradually with increase of Ce concentration x. 
Furthermore temperature dependence of spin correlation length, 2,(T) is 
given by the similar function for La2CuC>4 with the reduced spin wave 
stiffness constant from that of Nd2Cu04. The magnetic behavior is 
consistently explained by a scenario that electrons are mainly doped in 
Cu d orbitais. Therefore doping effect on the antiferromagnetism is well 
explained by the dilution effect since a doped site of Cu carries no local 
spins, when at least electrons are not mobile. Spin dynamics in 
Ndi.85Ceo.i5Cu04+51 9 ) is qualitatively similar to the result of La2CuC"4. 
though the quantitative comparison remains in future experimental 
studies. In this respect, the recent experiment shows that Nd2-xCexCu04 
always contains some excess oxygens in as grown state. Thus the 
random effect on the electronic state gives the extra localization effect, 
and the random effect must be removed by the heat t reatment in 
reduction atmosphere which requires for the appearance of the 
superconductivity. This result is also consistent with the result of spin 
dynamics in heavy doped crystal of Ndi,85Ceo.i5Cu04+5. Essentially 
localized 2D antiferromagnetic spin dynamics realizes in as grown state, 
but for the sample annealed in a reduction atmosphere, inelastic neutron 
scattering corresponding to the antiferro-magnetic spin correlations 
cannot be seen, which might be hidden in the dominant incoherent 
scattering from Nd spin excited among the f electron ground state 
splitted by the crystalline field. 

SUPERCONDUCTIVITY AND SPIN CORRELATION 

Upon further doping x by substituting Sr to La, superconductivity 
appears around x=0.06. The appearance of the superconductivity 
accompanies the incommensurate spin density wave (SDW) state, which 
will be described in the following paragraph. According to the recent 
experiments, the incommensurability is nonlinear with respect to the 
doping concentration x 2 0 ) . We then speculate that the realization of the 
incommensurate SDW is established at x 0.05. which we consider to be 
associated with a complete mobile state. Nevertheless this conjecture 
must be confirmed in future experiments. 

Extensive inelastic neutron scattering experiments have been 
performed mainly from x-0.15 crystal ( Tc - 33K ) called KOSHU2UThe 
most remarkable feature in this KOSHU crystal is the magnetic structure 
of the 2D incommensurate SDW state where magnetic scattering appears 
at the reciprocal lattice vector incommensurate with the lattice 
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periodicity presented by ( n, n+S ) or ( n+8, n ) in the tetragonal 2D 
reciprocal lattice22'. S approximately saturates at 0.125 in the reciprocal 
lattice units in x-0.15 crystal. It should be emphasized thai magnetic 
scattering is not static but essentially inelastic. 

S(Qco) shows quite unique features in both energy and temperature 
dependences. At lower energies as well as low temperatures, inelastic 
neutron scattering is sharp in momentum space, whereas it becomes 
broader in both higher energies and higher temperatures2^. It is also 
very unusual that the scattering intensity is much larger in high 
energies than the low energy scattering. This fact is remarkable contrast 
against magnetic scattering from x-0.02 2 4'. which is understood within 
the framework of usual paramagnetic scattering in metallic magnets. 
The spectrum is approximated by the Lorenzian in most of the case 
centered at the zero energy transfer. In other words, spectrum is 
weighted in lower energies. However the spectral weight of neutron 
magnetic scattering is reversed in superconducting crystals and almost 
no scattering in lower energies. Presumably the energy gap exists in spin 
excitations 

When we look at instantaneous spin correlations in heavy doped 
crystals where x is larger than 0.1, spin correlation length becomes short 
, which roughly accords with the average distance of nearest neighbor 
holes doped in the crystals. Judging from these facts, we can speculate 
that the higher energy part in inelastic neutron scattering may 
correspond to local spin fluctuations on Cu sites, and on the other hand, 
the low energy part varying with both temperature and energy might 
correspond to the spin fluctuations near the Fermi energy, which might 
be more related to the superconductivity. 

Although the coupling between spin dynamics and superconduc
tivity is not easily solved both theoretically and experimentally, the 
present neutron scattering results of many unusual features described 
above become significant issues in discussing the high temperature 
superconducting mechanism. For instance, a spin sielet pairing between 
local and itinerant electron spins or a RVfl state is suggested2**. The 
superconducting wave function might have an odd parity 26>from the 
fact that neutron magnetic scattering persists in the superconducting 
phase below Tc 2 7 ) . These are few examples but most of the novel idea 
are still controversial which must be tested in future experiments. It 
should be emphasized here that neutron magnetic scattering 
experiments will continuously be contributed to the development in 
magnetism as an important probe. 

Many more important novel subjects developed in recent years are 
not described, but without the significant role of neutron scattering. 
these subjects have not been proceeded. Namely these are the quantum 
elfecl in the Heisenberg antiferromaanetic linear chain, the random 
field effect, the anomalous phase transition due to the competing 
anisotropics the ncvel chiral order in the triangular lattice, the spin slip 
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in the helices of the rare earth metals, the heavy Fcrmion or Kojidg 
iailiSS., the long range magnetic order by the interlaver coupling in the 
artificially designed materials of the magnetic muitilavered films and 
etc. 

The role of polarized neutrons to the experimental studies of 
magnetism will be more important in the future and therefore 
experimentalists must work hard to develop more sophisticated 
techniques to treat polarized neutrons. In this respect, we emphasize 
here that the depolarization measurements which studies the change of 
neutron polarization during the passage through the magnetic substance 
will open a new field. For instance, the magnetic structure in a 
mesoscopic scale can be studied readily28'; Magnetic flux motions in the 
mixed state of the superconductor, domain motions in ferromagnets. 
colloidal motions in ferrofluids are few examples. 
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