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ABSTRACT 

The spin dynamics in single-crystals of YBa2Cu30«+r has been success
fully investigated, by inelastic neutron scattering (INS) experiments, as a 
function of temperature in the metallic state over the whole doping range 
from the weakly-doped (x=0.45, 0.51) to the heavily-doped (x=0.69, 0.83, 
0.92) and the overdoped (x=0.97, 1) regimes. Dynamical AF-correlations per
sist in all the metallic state. Actually, the imaginary part of the magnetic 
susceptibility, x"> consists of two contributions which have different doping 
and temperature dependences. At low temperature, x" exhibits an energy 
gap in any superconducting samples which becomes much weiiker close to 
the insulating-metallic transition. To emphasize the characteristic features 
of the spin dynamics in YBCO, INS results obtained by other groups are 
compared with our experiments. Several theoritical approachs, which intend 
to describe the energy lineshape of the dynamical magnetic susceptibility, 
are also discussed. 

Proceedings of the symposium Jean Rossat-Mignod Grenoble, France. 4 July 
1994, to be published in physica B 
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INTRODUCTION 

Cu-Cu spin correlations in the high-Tc superconductors is of particular 
interest because antiferromagnetism (AF) and superconductivity appear in 
many layered copper oxide compounds. Long range AF order and supercon
ductivity do not act simultaneously but dynamical AF fluctuations persist in 
the superconducting state of high-Tc cuprates. Whether or not magnetism is 
directly related to the mechanism responsible for supeiconductivity is certainly 
one of the relevant topics when considering the strong electronic correlations 
that exist in cuprates. In any case, the knowledge of the whole dynamical 
magnetic susceptibility of cuprates is of crucial importance in building up 
an appropriated theory of high-Te superconductivity. 

Inelastic neutron scattering (INS) is a powerful tool to study the wavevec-
tor and energy dependences of spin excitations. In high-Tc superconductors, 
a huge amount of INS experiments have been reported to describe all the 
typical regimes of phase diagrams in cuprates. Especially, YBa2Cu30«+ r 

system offers the possibility to continuously investigate the spin dynamics 
from an insulating state to a metallic superconducting state simply by chang
ing the oxygen content. This is why a lot of effort has been adressed to 
determine the magnetic properties in YBCO-based cuprates[l-29j. 

Here, we shall review the characteristic features of the spin dynamics 
as a function of doping and temperature as revealed by INS experiments. 
Actually, we will mainly refer to the work which was mastered by Jean 
Rossat-Mignod (1-13) in the spirit of this symposium dedicated to his memory. 
However, we will also discuss the BNL/ISSP results[18-26j or those of Mook 
et o/[l6,17] where agreement with our conclusions is reached in many points. 
Disagreements also exist which seem to be reliably associated with few 
experimental difficulties : sample homogeneity, data analysis, determination 
of non magnetic contributions,... (for instance see [7,15-17] for comparison 
in the overdoped regime, i.e. x> 0.94). Other points have been more 
extensively emphasized by the BNL/ISSP group, for instance, the fact that 
the magnetic susceptibility indicates an unusual temperature dependence in 
the normal state : Im\ reveals an almost w/T-scaling[22-26] (in some energy 
range and/or in some temperature range). 

High-Tc compounds are all layered cuprates containing CuO? -sheets and 
charge reservoirs layers. A crucial quantity is then the amount of holes 
per CuÛ2 plane, n*, really transferred into the CuOj-planes. In YBCO, 
the relationship between n* and x, the oxygen content, is not trivial as a 
consequence of the charge transfer mechanism from the -Cu-O-Cu- chains[30j. 
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Nevertheless, the YBa2Cu3 0 6 +r system is unique as it offers a wide range 
of doping up to n* ~ 0.25 - 0 . 3 hole/Cu for YBCO7. 

Thus, providing the availability of a large enough single crystal (~ 0.3 
cm 3), in which the oxygen content has been changed from 0 6 to Or with 
good accuracy (Ax ~ 0.01) and homogeneity, the spin dynamics has been 
successively investigated in five characteristic regimes of the phase diagram 
: the pure (x=0.15) and doped (x=0.37) AF-states [1-3], the weakly doped 
metallic state (x=0.45 [3] and ~ 0.5 [4,6,11]), the heavily doped metallic 
state (x=0.69 [4], x=0.83 [12] and x=0.92[5]) and the overdoped metallic 
state (x=l. [7]) (see reference [13] for a complete review). This last regime 
has been more extensively emphasized recently[15] in another sample with 
x=0.97. All these regimes correspond to increasing values of n* which can 
be estimated considering the thermodynamic stability of -Cu-O-Cu- chains[30] 
for the different oxygen contents[8-10,13]. 

EXPERIMENTAL SITUATION 

Here, we shall emphasize the three regimes of the metallic state. Most 
of the results have been obtained on the high flux triple-axis spectrometer 
2T installed at the Orphée reactor in Saclay. Details of the experiments 
should be found in references [1-15]. Nevertheless, let us point out keypoints 
which are essential to discriminate magnetism from all other contributions 
(nuclear and/or spurious) in this system. 

As it was stressed previously[5,13,15,16,24], extracting the magnetic in
tensity for all energies from the background and nuclear contributions in 
YBCO system is a really difficult matter. YBCO has a Cu02-bilayer struc
ture, and only in-phase magnetic structure factor is observed which exhibits 
maxima of AF intensity along the AF rod QAF={\, J»ÇI) at qi % 1.6 and 
qi as 5.2. The determination of x" from measurements performed at qi « 1.6, 
can be achieved without strong difficulties. But, this qi value restricted the 
accessible energy window, hu> < 20 meV in usual conditions. So, to explore 
higher energy range, scattering kinematics make it necessary to move out 
around qi as 5.2. Unfortunately, energy scans performed at this wavevector 
QAF=(0.5,0.5,5.2) reveal a quite complex lineshape where the main part of 
the neutron intensity is nuclear in origin. For instance, for x=0.92 sample, 
the lowest full line in the Fig. 1 depicts the non-magnetic part. Actually, 
it corresponds to five distinct contributions having different energy, wavevec
tor and temperature dependences and small doping dependence. To extract 
the magnetic intensity from these contributions, several arguments have been 
employed. 
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Firstly, performing q-scans across the magnetic rod at fixed energy trans
fer allows to separate flat contributions from correlated intensity peaked at 
QAF- The contributions, labelled A and B in Fig. 1, have been deduced 
using f*"»t guideline. A and B display smooth q-dependences either in [110} 
direction or in [OOlj direction. The contribution A is well accounted for by a 
damped harmonic oscillator (fiu/0= 21.5 meV and T= 26 meV)[5] and follows 
the usual temperature factor l/(l-exp(-hui/lcBT)) on heating. Its intensity 
increases with increasing wavevector. On the contrary, the contribution B 
located at hu= 20 meV slowly decreases on increasing Q in the [110) di
rection. On heating, the intensity at its maximum decreases as a result of 
an increasing damping. These two peaks cannot be accounted for by usual 
phonons because they exhibit either large damping or unusual temperature 
behaviour, for contribution A and B, respectively. Considering t SIT doping 
dependences, interpretations have been proposed[13] : the contribution A 
might arise to large positional fluctuations of apical oxygen atoms and B 
would be a local mode associated with oxygen atoms in Cu-0 chains. But, 
no more attempt have been made to describe these intensities which are 
observed in all YBCO samples. A third non-magnetic contribution C, located 
here at 24 meV, has a small extension in q and w spaces and corresponds to 
an experimental trick as it was emphasized several times[5,13,16,24]. It is an 
accidental Bragg scattering by the sample after some processes (incoherent 
or phonons) on the monochromator or the analyser. So far, it is important 
to notice that these three contributions have been always taken into account 
in the analysis of neutron results in YBCO[l-29|. 

Secondly, as non-magnetic contributions, also peaked at the AF wavevec
tor, may exist in the energy scan, performing q-scans cannot be sufficient 
to extract x ' - To distinguish such contributions from AF fluctuations, it is 
necessary to consider the doping dependence[13,14] as well as the thermal 
dependence{5,13,15] of all intensities. It is why, performing most experiments 
on the same spectrometer[5-15] and using the same single crystal[l-14], gives 
strong guidelines in the determination of x". Same background and same 
parasitic contributions are indeed expected. 

Other non-magnetic contributions, which are peaked at the AF wavevec
tor, effectively appear when considering both doping and temperature depen
dences. They have been generally forgotten in the determination of x'\ It 
corresponds to the two peaks at 30.5 meV and 42.5 meV in the Fig. 1, 
labelled D and E, respectively. They are peaked at QAF with an estimated 
q-width across the magnetic rod, Aç= 0.3 r.l.u. and Ag= 0.23 r.l.u., for 
D and E, respectively. They display no change with temperature at the 
difference of intensities located at close energies[5,14,15]. They exhibit also 
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very weak change with doping[l4j as well. Therefore, these peaks are read
ily ascribe to non-magnetic intensities. As these contributions are located 
above 30 meV, they mainly affect the \" determination in the heavily doped 
regime (x>0.65). It also may influence the q-width values measured across 
the magnetic line at energies near their maxima, and that for all dopings. 

These two peaks have been mixed with magnetism : peak D have been 
not enough taken into account for previously[5-13.24-26] whereas the peak 
E have been already separated[5-15] in our analysis, but not in BNL/ISSP 
results [24-26] and not also in the unpolarized neutron results reported in 
Ref. [16]. The origin of these peaks is questionnable. They would correspond 
to lattice excitations, but phonons are found to exhibit flat q-dependences 
along [110] direction at these frequencies[31,32] which cannot account for the 
observed q-widths. Their origin may also related to impurities which exist 
in almost all YBCO samples (green ^hase,..). Here, in absence of clear 
explanations, they are considered as non-trivial background which has to be 
subtracted. 

In summary, even with all experiments which have been done in the 
YBCO system, it remains sometimes very hard to discriminate magnetic from 
non-magnetic intensities. Especially in the energy range between 18 meV 
and 26 meV where the first three contributions (A.B,C) are very strong. 
Here, one has to underline that each new INS experiment may bring new 
details on parasitic contributions. It is obvious that such small corrections 
do not affect qualitatively our conclusions. Nevertheless, in order to be able 
to compare the measured imaginary part of the magnetic susceptibility with 
the theoritical one as computed in different approaches[44-51], some small 
quantitative corrections from first determination of x" must, sometimes, be 
achieved. 

SPIN DYNAMICS IN THE METALLIC STATE 

In the metallic state of YBa2Cu3Û«+z system, dynamical antiferromag-
netic spin fluctuations persist over the whole phase diagram (from x=0.4 
to x=l.) . The Fig. 2 displays \" in the superconducting state for several 
oxygen contents up to 50 meV[14]. Here, x" n a B been determined, using a 
same single crystal(l-14], from energy scans where a unique "background" has 
been substracted. Following the above remarks, this "background" has been 
obtained from experiments performed on the same triple-axis spectrometer 
2T at LLB in Saclay[5-15]. On the one hand, its low energy part {ftu < 25 
meV) at low temperature can be deduced in heavily-doped and overdoped 
regimes (x>0.8) where low energy magnetic excitations have disappeared. On 
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the other hand, its high energy part has been obtained in the normal state 
of the overdoped regime (x=l. [7,13]) where almost all magnetic excitations 
have vanished[15]. At first glance, \" consists of a broad energy spectrum 
which shifts towards higher energies on increasing doping. However, in this 
superconducting state, the maximum intensity of \ " remains almost constant 
with doping except in overdoped regime where AF fluctuations are reduced. 

The wavevector dependence of \ " is quite simple in the sense that it 
is always found at commensurate wavevector Q^F=( | , j , ;j) (i.e centered 
at the AF point). The q-width, Aç, measured across the magnetic rod, is 
almost only dependent of the doping rate. In particular, for each doping, all 
INS investigations found that this q-width is temperature independent in the 
metallic state[5-16,20-24]. Actually, this result is quite clear in the weakly-
doped regime, within the error bars (about 10 %), up to room temperature 
(see particularly [20] in YBCOg.s). In the heavily-doped regime, such an 
accuracy on Aç remains up to 200 K. Above T« 200 K, magnetic signal 
is too small to be sure that Ac is still constant. One can also notice 
that an almost full modulation of the magnetic scattering along the c* 
axis is always observed. It means that the AF-coupling between the two 
CuOî-layers remains unaffected. Let us stress that even in the overdoped 
regime, complete bilayer coupling is observed[15] in contrast with a previous 
conclusion(7]. 

We, next, discuss the characteristic features of x"{Q^u) m the metallic 
of YBCO. We shall also perform a brief comparison of our results with 
NMR Cu relaxation rate data. 

A - Spin-gap and pseudo-gap 

At low energy, x" i S indeed limited by an energy gap, EG, which has been 
defined arbitrazily[5-15] as the first inflexion point observed in the w-shape of 
X". As it is clearly demonstrated by q-scaas performed at energies below EG, 
no correlated intensity is sizeable inside this spin-gap. The accuracy of this 
statement is rather good because the upper limit of the magnetic intensity, 
which would be sizeable inside the spin-gap, should be at least one order 
of magnitude less than neutron intensities measured above EG- One must 
remark that this result remains valid in the whole superconducting state of 
YBCO. Especially in the overdoped regime[15], the spin-gap still exists around 
33 meV. This point is in contrast with results reported by Mook et al[l6\ in 
YBCO7, obtained using polarized INS. Namely, they deduced a continuum 
magnetic intensity at all energies yielding in particular the disappearence 
of the spin-gap at low energy. Actually, this continuum contribution is 
absolutely inconsistent with a recent investigation in YBC06.97[15j where 
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we have demonstrated that this continuum intensity cannot be related with 
Cu02-layers. To close this point, very recent polarized INS investigations, 
still performed by Mook et ai[17], do agree that this continuum contribution 
does not exist below T c . 

The doping dependence of this spin-gap exhibits a crossover for oxygen 
content when T c reaches 60 K, as shown in Fig. 3. Above the 60 K-plateau, 
the spin-gap increases rapidly reaching 33-35 meV in YBCO7. In heavily 
doped regime (0.65 < x < 0.94), the spin-gap energy is related to Tc as =s 
3.4 kgTc whereas EG is much smaller in the weakly-doped regime (Tc < 
55 K or 0.4 < x < 0.65). In this latter regime, samples, which have similar 
T c , exhibit different spin-gap values : a slight change in Tc from 45 K to 
51 K leads to a change in EG from 2.5 meV to 5 meV. Actually, the whole 
energy shape of \"' in these samples also shows striking difference (see Fig. 
2). As these samples have nearly the same oxygen content, these results 
can be understood as a consequence of specific ordering of oxygen in Cu-0 
chains (i.e. related to the real number of holes transferred in CuOî planes). 
Especially, it emphasizes the key-role played by temperature treatment of 
samples. Thus, for oxygen content around x w 0.5, small distribution of 
hole doping may be sufficient to cancel the spin-gap. Therefore, this point 
explain also why controversy has occured about the existence of the spin-
gap in this regime[18-20]. In YBCO«.45 and YBCO«5 samples with T c = 35 
K and 50 K respectively, no spin-gap was found [19,201- Instead of it, a 
smooth ^-dependence has been reported at low energy[19,20]. Actually, as 
these samples exhibited a rather broad superconducting transition (Aie ^ 20 
K)[18], this result can be understood as a consequence of smearing out of the 
spin-gaps associated with different hole doping, and so with different T c value 
in these samples. Consequenctly, it is now accepted that superconducting 
samples with good oxygen homogeneity (sharp superconducting transition) 
are characterized by a spin-gap. 

We shall, next, discuss the strong possibility of the existence of two 
different gaps in x" by looking at the x" temperature dependence. On heat
ing, magnetic scattering appears below Eo(T=0) on approaching TC[5-15]. 
Nevertheless, x"(^u < &G) continues to increase above T c reaching a maxi
mum at a temperature T*NS always larger than Tc[5-15|. In other words, 
it means that the inflexion point in x" remains up to T J W 5 . Concurrently, 
a balance of intensity from the high energy part to the low energy part 
of X"(QAF) is seen in INS experiments on increasing temperature below 
T J i V S . It is especially clear in YBC0 6 M [4] where AF scattering is restored 
on heating below E G = 1 6 meV when AF intensity is depressed above that 
energy. So, this effect has been attributed to the existence of a pseudo-gap 
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in \ \ Actually, it is clear that T J V S does not measure the value of this 
pseudo-gap. However, one can expect a proportionality between both quanti
ties. Therefore, from the doping dependence of T* V W f i , the pseudo-gap is a 
slowly decreasing function of doping for x> 0.65. This point is in clear con
trast with the doping dependence of the spin-gap (Fig. 3), EG, which only 
increases with doping. Therefore, from their respective doping dependence, 
these two gaps, as defined above, are different in origin. However, the fact 
that both gaps occur in the energy range has led to some confusion, and the 
same vocabulary has sometimes been used for both phenomenons. Besides, 
our definition of the spin-gap (as the inflexion point in \") is perhaps not 
proper and may mix up effects of both gaps. 

The different physical origin of both effects seems to occur also in the 
weakly-doped regime x<0.65 as well as in the overdoped regime x > 0.94 
where no pseudo-gap effect has been seen in samples with clear spin-gap. 
T ; i V S is indeed found just above T c in Y B C 0 6 . 9 T [ 1 5 ] , YBC06.5[4,6,11] as 
well as in YBC06.6[23]. For instance, in this last sample with T c =53 K, a 
spin-gap, E G = 5 meV has been found[21] and the temperature dependence at 
hu= 3 meV exhibits a maximum just at Tc[23]. Therefore, the pseudo-gap 
behaviour of the spin dynamics seems characteristic only of the heavily-doped 
regime. More work is needed to clarify this point. 

It is very important to notice that the pseudo-gap behaviour of the 
spin excitation spectrum does not preclude any temperature dependence of 
the spin gap E G ( T ) . Assuming that EG is an ideal gap in a sense that 
nothing is sizeable below its value, one would expect a decrease of EG 
on increasing temperature. Such a temperature dependence should be, in 
principle, determined by looking the temperature at which AF fluctuations 
appears for a fixed energy located below EG(0) . However, on heating, no 
marked shift of the spin gap to lower energy has been established. Actually, 
it seems that measuring such a behaviour is, for the moment, almost out 
of the possibility of INS experiments. Then, the question of the spin-gap 
temperature dependence, E G ( T ) , remains open. 

B - Brief comparison with NMR Cu relaxation rate. 

Nuclear magnetic resonance (NMR) studies[33-36] have shown that the 
copper relaxation rate 6 3 Ti probed the same spin AF fluctuations but at 
much smaller energy than INS : u ^ a l i m w - o E , x Z i & T i - Thus, its thermal 
behaviour can be compared with the temperature dependence of the mag
netic intensity measured below the spin-gap in INS experiments. Actually, 
^i-m also exhibits a maximum at a temperature 1*NMR. Then, both kinds 
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of measurements indicate an opening of a pseudo-gap in the spin excita
tion spectrum at a characteristic temperature. T}_ v s or TVV/R f° r ^NS or 
NMR measurements respectively. This point has been established in N'MR 
experiments when drawing a parallel between the thermal dependence of T2G 

and of îTJYf [35]. T2G, which probes the quantity J x ^""-dui, continues to 
increase on cooling in a temperature range where *rf-j> diminishes[35.36j. 
Thus, low energy AF fluctuations start to depress at the temperature T ^ V f R 

on decreasing temperature. Comparing both NMR and INS behaviours, it 
happens that at sufficiently large doping (x> 0.65), both temperatures T* v v / / J 

and Tjvs s e e m to coincide meaning that the spin dynamics is surprisingly 
similar in a rather large scale of energy. 

In the weakly-doped, looking NMR data, the situation about T" temper
ature seems to contradict neutron results. T y M a *s indeed located around 
130 K for YBCOe.52[34]. Actually, the superconducting transition of that 
sample is 60 K. In samples with Tc— 50 K, NMR experiments cannot suc
ceed to identify the resonance line of Cu(2)[35]. So, nothing can be said 
about its relaxation rate. Therefore, in this regime, NMR does not contradict 
the disappearence of the pseudo-gap observed in INS measurements. More 
detailed studies are necessary to characterize properly this state. 

C - High energy cut-off 

Another characteristic feature of AF fluctuations in YBCO is the sharp 
decrease of the spectrum observed around 50 meV for all oxygen content (Fig. 
2). It is surprising to notice that this high energy cut-off is more prononced 
on increasing doping. For instance, no correlated magnetic scattering is 
sizeable above an energy transfer hu ~ 47 meV in overdoped samples[7,13,15]. 
Therefore, with increasing doping, the energy range where AF fluctuations 
occur is strongly reduced on both sides, at low energy by the spin-gap and 
at high energy by the cut-off. Therefore, \" in the overdoped regime[14-17] 
looks like a single excitation around 40-41 meV w.ih a rather small energy 
extent, Y %3-4 meV after deconvolution. However, when looking the energy 
dependence of the q-width of \ ' \ w « have shown that \" is not consistent 
with a simple single excitation in YBCOe.9T[15]. 

This high energy cut-off has clear consequence because it precludes an 
itinerant-hole magnetism. In such a picture, magnetic fluctuations arise from 
charge carrier spin density fluctuations. Therefore, magnetic fluctuations 
should extent up to the hole band-width (t « 300 meV) in contrast with 
measurements. On the other hand, the itinerant magnetism weight should 
increase on increasing doping still at the opposite to what it is observed. 
Especially, the cut-off effect is more prononced with increasing doping. So, it 
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means that a simple itinerant-hole magnetism (Fermi liquid picture) cannot 
account for the AF fluctuations in YBCO system. 

D - Resonance contribution 

In the superconducting state, INS experiments have also shown that 
the spin excitation spectrum is characterized by a strong enhancement of 
the intensity at some energy E r , first observed at E r=41 meV in x=0.92 
sample[5]. On the one hand, this enhancement is almost energy resolution-
limited. On the other hand, it exhibits a smaller q-width than the magnetic 
response at other energies. Therefore, this phenomenon looks like a resonance 
feature. Its doping dependence is shown in Fig. 3. One can notice a weak 
increase with increasing doping, reaching a maximum at E r =41 meV for 
samples with the marâiùum superconducting transition. In the overdoped 
regime, E r has the tendency to slightly dimininish, following T c . Then, 
this resonance might l)e relevant for superconductivity as it is also strongly 
indicated by its temperature dependence which has been emphasized several 
times [7,12-16]. On heating, the resonance does not shift to smaller energy 
but its intensity decreases, and it abruptly vanishes at the superconducting 
transition at the difference of the other part of the magnetic susceptibility. 
This point is clearly shown in Fig. 5 for overdoped sample (x=0.97)[15] as 
well as in Fig. 6 in the heavily-doped regime (x=0.83)[12j. 

In the heavily doped regime (at least for x > 0.8), this resonance 
is always clearly seen in the magnetic spectrum [5,7,12-16] especially from 
its q-width which is two times smaller than the other part of Y'' (Fig. 
4). Upon doping, the q-width of the resonance feature remains almost 
constant AqFWHM = 0.23 Â" 1 after deconvolution, yielding £ ~ 2.3 using 
the relation £ = 2/Aq. This intriguing result has not receive important 
attention. However, keeping in mind that superconductivity is closely related 
to the resonance feature, it may indicate that the length £ « 9 Â is relevant 
for the superconductivity. 

The disappearence of the resonance feature in the normal state is also 
demontrated by a temperature dependence of the q-width at the resonance 
energy. Indeed, below T c , as we have already pointed out, &q{Er) exhibits 
a smaller value than the other part of x", ùkq{hu £ Er). On the contrary, 
above T c , Ag(£ r ) reaches &q{tw ^ Er). This point is clearly documented 
in Fig. 6 in the case of x=0.83 sample[12] : Q-scans across the magnetic 
rod exhibits a broadening when going from the superconducting state to the 
normal state. Actually, the same broadening at hw = Er has been reported 
in the overdoped regime[16] but due to the weak magnetic intensity observed 
above T c in that regime[15], this point remains ambiguous in YBCOr-
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So far. in the weakly-doped, whether this resonance feature exists or not 
remains unclear. Actually, as in this regime the non-resonance part of \ " 
exhibits similar q-width as we may expect from the resonance part, q-width 
argument cannot be used. The \" reported in Fig. 2 for samples x=0.5 and 
x=0.52 exhibits no energy resolution-limited peak. Nevertheless, an enhance
ment of Y" is observed at energies just above EG in the superconducting 
state in these samples[4.6.11,13,14] as well as in Y B C 0 6 6 (TC=53 K)[21.23|. 
This phenomenon is rather weak and creates a sort of plateau in the energy 
dependence of \ " at low energy (below 10-15 meV). It is important to stress 
that this effect disappears above T c where an w-linear behaviour of \"' is 
found[4,6,ll,14] meaning no pseudo-gap effect. Assuming that the resonance 
feature is strongly affected at T c , one can find correspondance between this 
low-energy plateau and the resonance feature. Results in YBCOç.52 have 
been previously interpreted in that sense by Rossat-Mignod et al [11]. 

So, a marked crossover of the magnetic properties is expected for oxygen 
content around x ~ 0.6-0.65 (or T c=55 K). Looking at the results obtained 
by Tranquada et al [24] in YBCOe.s sample (T c=o3 K), on the one hand, 
a resonance feature may be deduce at E r = 27 meV as it '3 indicated both 
by the narrowing of the q-width and by the w-shape of \ n as well. On 
the other hand, this sample exhibits a small spin-gap[21], EG=5 meV and 
no pseudo-gap effect is observed from the temperature at hu>= 3 meV as 
reported by Sternlied et ai [23] in the same sample. Thus, this sample can 
be considered close to this crossover. Besides, it is interesting to notice that 
a non-monotonie temperature behaviour of \ " was found in that sample at 
energies just above Ec?[23]. 

Therefore, marked qualitative differences of the behaviour of AF fluctua
tions exists between the weakly-doped regime and the heavily-doped regime. 
This point has to be associated with i) the strong variation of the spin-gap, 
EG, with very small change of oxygen content (or T c ) ii) the almost disap-
pearence of the pseudo-gap in these samples(4,6,11,23]. Still considering that 
this resonance feature is related to the appearence of the superconductivity 
in the system, this result shows that superconductivity may have different 
nature in the weakly-doped regime (n* « 1 0 - 1 2 %) and in the heavily 
doped regime, (n* « 15 - 25 %). Additionnai experiments are needed to 
precise such a view. 

E - "Normal" contribution 
In addition to the resonance contribution, another magnetic response 

shows up in \". As this contribution appears to be less related to the 
supercondutivity, it is called "normal" contribution. Above T e , almost only 
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this "normal" contribution is observed. At high temperature (say up to 
the room temperature), the magnetic susceptibilty is spread over the whole 
energy range, yielding a rather constant characteristic energy (the value of 
the maximum of the spectrum) T w ~ 30 meV. r w seems to slightly increase 
with doping. Below T c , this contribution obviously exists, characterized by 
a different q-width than the resonance feature. 

This "normal" contribution is characterized by a temperature independent 
q-width which roughly follows the T c doping dependence (Fig. 4). In the 
heavily-doped regime, typical FWHM value is t\qFWHM = 0.45 A" 1 after 
deconvolution yielding an associated AF correlation length in CuO? planes 
| ~ 1.1, still using the relation £ = 2/Aq. In weakly doped regime, the 
associated correlation length is almost twice. Moreover, the q-width is also 
almost energy independent after corrections of the resolution function[3-15]. 
Therefore, this q-width is mainly characteristic of the hole doping in G1O2 
planes. It is important to notice that this "normal" contribution at the 
AF wavevector continuously decreases with increasing doping. For instance, 
this effect is so strong when going from the heavily doped regime to the 
overdoped regime, that magnetic correlations in YBCOe.97 above 117 K are 
almost not sizeable[15]. In addition, in the normal state, the magnitude of 
\ " decreases with increasing temperature for all doping rates. Considering 
both aspects, this may explain why 1'^g decreases with increasing doping 
when x> 0.65. Effort should be made now to precise these evolutions more 
than qualitatively. 

To precise the temperature evolution of the spin fluctuations, let us 
look what is going on decreasing the temperature from room temperature. 
First, the imaginary part of the magnetic suceptibility increases, but not 
uniformly[5-14]. Indeed, the lowest energy part increases more rapidly than 
above T^ yielding an unusual temperature dependence (see next section). 
Cooling down to lower temperature, another behaviour is found at low 
energy related to the pseudo-gap effect. Below T*^ s , low energy excitations 
are indeed suppressed as we have already noticed whereas \ " at middle 
energy continues to increase. Actually, this point can be observed only when 
T/jvs « sufficiently larger than T c (i.e in the heavily-doped regime, but 
underdoped). Finally, below T c , AF fluctuations are completely suppressed 
below the spin-gap EG and the resonance phenomenon occurs. 

F - About ^-scaling 
The behaviour of \" observed above T J ^ has led to the development 

of a special analysis of \ " [21-26,28]. It has been proposed that \ " can be 
separated in two parts, that is to say : 

x " ( u ; . r ) - x o > , T - 0 ) / ( £ ) (1) 
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In such a description, all the temperature dependence of \ " is included 
within the function f by means of a scaling in f. This view, primarily 
proposed to account for INS data obtained in LSCO system[37], has been 
first supported by the marginal Fermi liquid ansatz[38], but this picture 
seems too simplified to account for data. This description has also receive 
theoritical support in nested Fermi-liquid[24.39,49] where such a scaling is 
expected. However, the real Fermi surface, measured in YBCO using ARPES 
technique[40), rules out this interpretation because such a nesting effect does 
not exist in YBCO system. 

It is clear that Eq. (1) can roughly describe the main part of the 
temperature behaviour of \ " above T'INS. But, on the contrary to what it 
is expected, the function f and \o" have not an universal behaviour. It can 
be apply only in certain range of energy and temperature. Actually, looking 
carefully to the \ " temperature dependence, several parametrizations can be 
found which fit correctly the data[14]. Therefore, this --scaling, which has 
no clear theoritical support, should only be considered as cue way to account 
for the thermal dependence of \ n in YBCO system. 

Actually, it may reflect the fact that spin dynamics is strongly coupled 
with hole dynamics. Such a thermal dependence is indeed also observed in 
YBC08.4[25l or in zinc-doped YBCO«.39[27] (i.e. system with AF ground 
state), where we can figure out that small amount of holes exists in CuOî 
planes. So, as it is proposed in t-t'-J model[41,42] with an AF ground state 
(or nearby an AF ground state), low energy magnetic excitations strongly 
interact with holes in some wavevector range associated with the size of 
the closed Fermi surface of holes. For that low energy AF fluctuations 
(electrons-hole excitations), unusual temperature dependence is expected. On 
increasing doping, this evolution may be achieved in a larger energy range 
as it is observed in YBCO«.5[14,22] as well as in zinc-doped YBC0 6 6[28j. 

DISCUSSION / CONCLUSION 

First, let us summarize the characteristic features of the spin dynamics 
in the metallic state of YBCO as seen by INS experiments. We have 
shown that \" is characterized by two contributions. One, the resonance 
contribution, occurs mainly in the superconducting state and exhibits a q-
width almost constant versus doping. The other one, "normal" contribution, 
exists in both the normal state and the superconducting state. Its q-width 
is doping dependent but temperature independent. This description applies 
quite well in heavily-doped state (underdoped and overdoped) whereas in 
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weakly-doped state the situation is less clear, perhaps, because interelaùon 
between both contributions is more prononced. On increasing doping, in the 
superconducting state, the energy range where AF fluctuations are sizeable 
is strongly reduced yielding an almost single excitation located around 40 
meV in YBC0 7 . 

In all superconducting samples, the low energy fluctuations are suppressed 
at low temperature below a spin-gap, EG- One may estimate that this spin-
gap is due to the opening of the superconducting gap as it also increases 
with increasing doping. The resonance feature is also strongly related to 
the superconductivity phenomenon as it is demonstrated by its temperature 
behaviour. Above T c , the spin fluctuations appear to be sensitive to a pseudo-
gap effect, like it is emphasized in NMR experiments. As this pseudo-gap 
is observed in the normal state, it would be magnetic in origin, and so, 
seems to be different to the spin-gap. 

Now, we shall briefly compare our Imx(q,'*') with few existing theories 
which intend, at least qualitatively, to describe the hu-shape of the mag
netic susceptibility. As several of these approaches are discussed in these 
proceedings[44-46,48], we will only emphasize keypoints, which are relevant 
for INS experiments. 

The most realistic microscopic model which can describe the magnetic 

properties of cuprates is the three band Hubbard model [43-49]. It can 

be developed in the limit of strong coupling when the Coulomb repulsion 

on copper site is larger than the hopping probability of holes associated 

with the copper site (so-called Zhang-Rice singlet[43j). In such a case, the 

Hubbard model is reduced to the so-called t-J model or the t-t'-J model 

when next-nearest-neighbours hopping term is taking into account. 

In this framework using slave boson representation [45,46], a single con

tribution is expected and the doping dependence of x" »s rather badly 

reproduced. Here, the spin-gap is magnetic in origin and corresponds to 

the formation of two spinons (R.V.B. state). In the opposite limit of the 

Hubbard model, the weak coupling limit[47-49], as well as in the infinite U 

limit of the p-d model [50], still a single contribution for \" is also found in 

these models. Here, a gap in x" occurs as a result of the opening of the 

superconducting gap. The main problem in all these approaches is that x" 

is found to extent up to an energy of the order of magnitude of the hopping 

term (t ss 0.5-2 eV). Therefore, they cannot explain the disappearence of 

magnetic intensity above the high energy cut-off. 
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So far, none of these theories give a clear picture of the doping depen
dence of x"- Actually, only the approach of F. Onufrieva and J. Rossat-
Mignod{44] emphasizes correctly this point with consistent hole doping rate. 
Still in the framework of t-t'-J model but using diagrammatic technique for 
Hubbard operators, they give a more general physical picture of the spin dy
namics in the metallic state of cuprates from the weakly-doped regime to the 
heavily-doped regime. In their calculations, two magnetic contributions 
for x" are naturally obtained. The first one arises from the subsystem of 
ninerant charge carriers. The second one corresponds to the localized spins 
subsystem with short range AF correlations associated with two-spinons spec
tral band. As in the weak-coupling limit, the spin-gap is also understood 
as a consequence of the opening of the superconducting gap. In addition, 
another gap exists in the spinon spectrum. But, the occurence of a spinon 
damping fills this ideal gap yielding a pseudo-gap effect as it is observed 
experimentally The resonance feature and the "normal" contribution, men-
tionned above, seem to reliably correspond to the contributions considered 
in this approach. Therefore, our INS experiments give strong support to 
this description with an itinerant-localized duality of the spin fluctuations. 
Very recently, such a possibility has been proposed phenomenologically[51] to 
account for several aspects of the spin dynamics in cuprates. 

In conclusion, AF-dynamical correlations persist in all the metallic state 
of YBa2Cu306+r< The spin dynamics is quite different from that expected 
for a disordered antiferromagnet. For all superconducting samples, we have 
found a spin-gap in the magnetic susceptibility which may be interpreted 
as u result of the opening of the superconducting gap. x" is composed 
of two contributions. One, the resonance feature, is strongly related to 
the superconductivity (itinerant magnetism). The second one, the "normal" 
contribution, seems to be associated with localized antiferromagnetism. Nev
ertheless, new INS investigations are necessary to support quantitatively such 
a scenario. In particular, INS experiments measuring the AF fluctuations in 
zinc-substituted YBCO samples will be a great issue to understand the rela
tion between superconductivity and spin dynamics. Zinc substitution, which 
destroys superconductivity, would indeed affect differently both magnetic con
tributions. So far, existing INS experiments on zinc-doped YBCO [27-29] do 
not contradict such a possibility. 
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FIGURES CAPTION : 

Fig. 1 : Example of raw energy scan at Q . 4 F=(0 .5 ,0 .5 ,5 .2) in YBCO : x=0.92 
(from [5]). The lowest full line represents the "background" which can 
be separated in five distinct non-magnetic contributions, labelled A to 
E, on top of the true background (BG). The dashed area corresponds 
to the magnetic intensity. 

Fig. 2 : Imaginary part of the dynamical susceptibility at the AF wavector as 
a function of the energy obtained for différent oxygen contents (from 
M)-

Fig. 3 : Energy gap (closed symbols), EG, and resonance energy (open sym
bols), E r , as a function of the oxygen content. Circles are from our 
measurements[3-15], squares are from BNL/ISSP results[21,24,25] and tri
angles are from Ref. [16,17]. 

Fig. 4 : Q-widths (FWHM)in the [110] direction of the AF intensity as a function 
of the oxygen content at energies corresponding to the resonance contri
bution (open symbols) and to the "normal" contribution (closed symbols). 
These values have been obtaineu after deconvolution from the spectrome
ter linewidth assuming a gaussian wavevector dependence[ 13,15,24] for \ \ 
Circles are from our measurements[3-15] and squares are from BNL/ISSP 
results[18-21,24]. 

Fig. 5 : Temperature dependence of the neutron intensity (open circles) at the 
AF wavevector, Q=(0.5,.0.5,5.2), and at the resonance energy, E r =40 
meV, for x=0.97. Closed circles are points from (q,q) scans (from [15]). 

Fig. 6 : Temperature dependence of the neutron intensity (open circles) at the 
AF wavevector, Q=(0.5,.0.5,5.2), and at the resonance energy, E r =35 
meV, for x=0.83 (center). Sides of the figure show constant energy 
(q,q)-scans at E r below T c (left) and above T c (right) (from [12]). 
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