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Recent progress in low-energy neutron scattering study on the spatially modulated or so-called 
incommensurate spin fluctuations is reviewed. Well-defined incommensurate spin fluctuations 
are observed beyond ~ ~ 0 . 0 5  and up to the highest Sr-concentration x=0.25 in the present study. 
The incommensurability 6(x) is saturated at  around 1/8 in the overdoped region and linearly 
scaled with the upper limit of T&x) between the underdoped and optimally doped region. A 
characteristic energy E* below which the dynamical magnetic susceptibility dramatically 
diminishes in the superconducting state can be determined to be around 7 meV in the energy 
spectrum of the spin fluctuations for x=0.15 and x=0.18 crystals. The disorder effect induces a 
low-frequency component of the incommensurate spin fluctuations below E*. 

1. INTRODUCTION 

Spatially modulated spin correlations o r  
so-called incommensurate spin fluctuations 
in hole-doped La2Cu04 provide us fruitful 

information on the hole and spin state on 
the CuO, plane and the role of magnetic 
interactions for the high-?', superconductivity. 
However, neither the origin nor the frequency 
dependence of such spin fluctuations is fully 
understood yet. For example, there still exist 
several competing models to describe the 
incommensurate spin correlations such as 
nesting of Fermi ~ u r f a c e ~ - ~ ) ,  stripe ordering of 
doped holes4) and percolation of cluster spin 
glass5) and so on. Furthermore, the spin 
excitation gap reflecting the superconducting 
one has been observed only for optimally 
doped crystal. And the reason for the missing 
of energy gap or pseudo-gap in the 
underdoped or pair-broken sample is not 

understood. Although neutron inelastic 
scattering is one of the unique technique to 
study both spatial correlation and dynamics 
of spin fluctuations, no systematic studles on 
the doping dependence have ever been 
performed possibly due to the difficulty in 
preparing large single crystals. In  t h s  report, 
we present recent progress in our neutron 
scattering s tuhes  on Sr-doped La2Cu04 over 
a wide doping region between the 
underdoped and overdoped boundary of 
superconducting phase. Based on the 
obtained results we discuss the effect of 
intrinsidextrinsic disorder in this system on 
the low-energy spin fluctuations. 

2. EXPERIMENTAL 

We have grown sizable single crystals of 
Sr-doped Laz-,Sr,Cu04 with x=0.04, 0.06, 
0.08, 0.10, 0.12, 0.15, 0.18 and 0.25 by 
using a travelling-solvent-floating-zone 

0 



0.1 5 

n 

? 0.10 - 
i 
W 

a 
0.05 

n 

0 Oxygen-doping 
0 La, 6,Nd,,,SrTCuOJ 
8 Zn-substitution + t 

- 0  0.05 r 
10 20 30 40 

- 0  0.05 0.10 0.1 5 0.20 0.25 0.30 

'eff 
Figure 1. Incommensurability 6 of the spatial spin modulation in La2-,SrXCu04, oxygen-doped 
superconducting La2CuO4+,,~2), deoxygenated or Zn-doped nonsuperconducting La2.,SrXCu0413) and 
(La,Nd)z.,Sr,Cu0414) as a function of x,ff , which denotes Sr concentration x for (La,Nd)z.,Sr,CuOd 
and x-2y for La2Cu04,. The inset shows 6(x) as a function of T,(x) which is determined by a SQUID 
magnetometer. The attached numbers denote the Sr concentration for La2.,SrXCuO4. 

method.6) All the annealed crystals except 
x=0.04 exhibit bulk superconductivities. For 
x=0.18 and x=0.25 T, is lower by 1 and about 
20 degrees, respectively compared to the 
maximum Tc of 37.520.5 K at  x=0.15. One of 
the optimally doped single crystal was 
annealed under Ar gas-flow to prepare the 
pair-broken non-superconducting sample. The 
effective doping rate x,ff is defined as xeff=x-2y 
where y is defined oxygen non-stoichiometry in 
reduced sample. 

Inelastic neutron scattering experiments 
were performed on the triple-axis 
spectrometers of TOPAN and HER installed 
at JRR-3M in J U R I .  

3. RESULTS 

3.1. q-spectrum 
Four magnetic peaks a t  (1/2(1*6),1/2,0) 

and (1/2,1/2(1&),0) in the tetragonal (h,k,O) 

reciprocal plane are observed in all samples 
for 0.06sxs0.25. In  Fig.1, we summarize the 
doping dependence of the incommensurability 
6 of the spin fluctuations at low energies 
(below 3.5 meV) and temperatures as a 
function of Sr concentration x. The 6 becomes 
noticeable beyond ~20.05,  increases linearly 
with x up to xd .12  and finally is saturated in 
the overdoped region. As shown in Fig.1, a 
universal curve for Hx) exists in this 2-1-4 
cuprate system where 6(x) depends only on the 
doping rate and is not drastically altered by 
pair-breaking nor localization of doped holes. 
On the other hand, the peak-width of the q- 
spectrum depends on the disorder induced by 
oxygen-reduction. I t  is also noted that the 
peak-width increases with decreasing Sr 
concentration. 

As shown in the inset of Fig.1, we found a 
linear relation between 6(x) and TJx) up to 
the optimal doping. However, in the overdoped 
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region, TJx) is much lower than that expected 
from the linear G(xkT,(x) relation. 

3.2. Energy spectrum 
As shown in Fig.2, a characteristic energy 

E* of about 7 meV for the energy spectrum of 
the spin fluctuations is clearly determined for 
x=0.15 and x=0.18 below which the dynamical 
magnetic susceptibility x"(q,o) dramatically 
diminishes in the superconducting state. 
Previously, the energy-gap Egap was defined 
by the energy below which x"(q,o) completely 
disappears a t  T=OK.7) With the same 
definition, Egap for x=0.18 is found to be 
around 4.5 meV which is larger than that for 
x=0.15. 

4. DISCUSSIONS 

Doping dependence of F is presented for the 
wide doping region between the underdoped 
and overdoped superconducting boundary. 
However, for the quantitative interpretation of 
this doping dependence one should consider 
the relation between the number as well as 
the character of the inplane carriers and 
dopant concentration. Here, we just remark an 
interesting similarity in the doping 
dependence between 6 and the so-called N,ff 
on the CuO2 planes evaluated from the 
energy-integrated spectral weight of optical 
reflectivity on La2-xSr,Cu04.8) Since the 
doping dependence of the N,n may reflect a 
crossover behavior of carrier number n from 
'h=x" to 'h=l-xs1 relation, the non-linear and 
saturating x-dependence of 6 may suggest the 
gradual change in the electronic state of 
carrier for ~ 0 . 1 2 .  

The finite 6 observed in the non- 
superconducting samples seems to be in 
conflict with the linear G(x)-T,(x) relation. We 

interpret, however, that F(x) correlates with 
upper limit of TJx), Tc-(x) although 
TJx) is generally lower than T,-(X) due to 
extrinsic pair-breaking such as Zn 
substitution or oxygen reduction. In  other 
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Figure 2. The energy spectra of dynamical 
susceptibility at the incommensurate peak 
position for x=0.15 and 0.18 below(c1osed circle) 
and around (open circle) T,. 

words, the above relation indicates an 
identical doping dependence between 6 and 
T,M(x). It is very important to find out the 
mechanism which controls the 
incommensurability, degree of spatial spin 
modulation. The deviation from the linear 6(xF 
TJx) relation in the overdoped region 
suggests the existence of inherent or 
additional pair-breaking mechanism in this 
region. On the other hand, the linear 6(xt 
T,max(x) relation in the underdoped region 



indicates that T,-(x) is controlled only by 
the number of inplane doped holes and the 
low-frequency spin fluctuations below E * may 
not induce additional pair-breaking effect in 
this region. 

The larger value of Egap for x=O.18 
compared to x=0.15 is very difficult to be 
interpreted because T, is lower for the former. 
If E,, corresponds to the superconducting 
gap, there should exist pair-breaking 
mechanism in the overdoped region decoupled 
with the size of superconducting gap. On the 
other hand, i t  is necessary to consider the 
possibility of E* as a superconducting gap as 
is already pointed out by Mason et  al.9) from a 
similar measurement on the gapless 
sample(Egap=0). Assuming the d(xzy21-type 
anisotropy for E*, we evaluated the maximum 
value of the energy gap 2 A  to be about 35 
meV (=: l lTc  at x=0.15) whch  is comparable 
to the superconducting- or pseudo-gap 
proposed from optical conductivity 
measurement.10) 

I t  should be noted that  E* may exist above 
T, as indicated in Fig.2. Furthermore, the 
recent neutron scattering measurement on the 
underdoped(x=0.1111) and highly overdoped 
(x=0.25)13) revealed a signature of E* around 7 
meV. We speculate therefore, that the size of 
E* weakly depends on doping as well as 
temperature and correlates with 
characteristic pairing interaction on CuO2 
planes. For the underdoped, oxygen-reduced or 
Zn substituted sample E* is not well defined 
due to the enhancement of the low-frequency 
spin fluctuations below E*. The detailed 
information on the doping as well as the 
temperature dependence of E* is highly 
required. 
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