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Abstract. Inelastic neutron scattering measurements have been performed on high quality single crystals
of Laz_;Sr; CuQy4 in order to study the spin dynamics of this compound. In addition to the well-established
incommensurate magnetic response, we show the existence of a new set of low energy excitations present in
the whole superconducting region of the phase diagram. This new feature of the dynamical cross section is
characterized, below about 10 K, by very short range (~ 3 lattice spacing) antiferromagnetic correlations
and by a low energy scale of ~ 1 meV. At higher temperatures these fluctuations become nearly Q-
independent. Different possible origins of these new spin correlations are discussed.

PACS. 74.25.Ha Magnetic properties — 74.72.Dn La-based cuprates — 78.70.Nx Neutron inelastic scattering

1 Introduction

The magnetic properties of cuprates continue to attract
considerable attention in the field of superconductiv-
ity. Intensive neutron studies have been devoted to the
Lag_,Sr,;CuOy4 system over a wide Sr composition range
[1-3,6,7]. It is now generally accepted that the fluctua-
tions of the copper spins which are well described by stan-
dard 2D spin wave theory in the antiferromagnetic (AF)
insulating state, transform in the metallic state into dy-
namical quasi-two-dimensional correlations peaked at in-
commensurate wave vectors given by Qs = (1(1+4),1)
and (1, 2(1 +0)), when referring to the tetragonal Bril-
louin zone, (see left panel of Fig. 1). The incommensura-
bility has been discussed at length in the literature and
the question whether it corresponds to a nesting property
of the Fermi surface of some quasi-particles [8-10] or it is
due to the stripe formations [11,12,14,15] is still debated.
Its relevance to the problem of high T, superconductiv-
ity is still unclear. This is particularly true when consid-
ering the important difference to the spin dynamics in
YBayCuzOgy [16], the inconsistency of this incommen-
surate spectrum with the NMR relaxation rates of oxy-
gen [17,18], as well as the fascinating interplay between
superconductivity, magnetism and subtle deformations of
the CuO; planes [19-21].

In this paper we focus on detailed neutron studies of
the very low energy part of the spectrum in the super-
conducting and normal state of Las_,Sr; CuO4 which un-
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ambiguously show two distinct types of excitations. One
corresponds to the well-known incommensurate response,
sharply peaked in momentum space. Our experiment pro-
vide very clear evidence for the existence of a spin gap
opening below T, at these incommensurate positions, in
the optimally doped sample. In addition, the experiments
reported herein show clear evidence of additional slow and
short range magnetic correlations represented by the dark
region in Figure 1. The newly discovered response corre-
sponds to a very broad signal in the in-plane component of
the momentum transfer, centered at about Qap = (%, %)
and which progressively emerges from background as tem-
perature is lowered.

2 Experiments

The neutron experiments have been carried out with the
triple axis spectrometer 4F1 installed on the cold source of
the Orphée-LLB reactor. In all experiments, the crystals
were placed in a cryostat and oriented to give access to
the [h, h,£] zones. Bent PG002 single crystals were used
as monochromator and analyzer and in order to fully ben-
efit from the focusing effects, open collimations were used.
The final energy was fixed at 8 meV, resulting in an energy
resolution of about 0.5 meV (FWHM), while a graphite
filter was set on the scattered beam to remove higher order
contaminations. Scans through two equivalent incommen-
surate positions which do not lie in the scattering plane
were achieved using a 3D-mode control program of the
triple-axis spectrometer. High quality single crystals with
various doping levels ranging from x = 0.10 to x = 0.20 as
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Fig. 1. (a) Brillouin zone of Las_;Sr,CuOy4 . The four closed circles indicate the positions of the incommensurate fluctuations.
The dashed line and the arrow correspond to scans described in the text. The large dashed circular area corresponds to the new

h h

low energy signal. (b) Neutron intensity along (3, 5

+ g, 0.6) for z = 15% and w = 3.2 meV. Circles correspond to T' = 1.5 K

while the squares correspond to 7' = 50 K. The lines are guides to the eyes.

nominal compositions were grown using the floating zone
technique [22]. Three sizable crystals of about 0.4 cm? in
volume, with z = 0.10, 0.15 and 0.20 having T;’s of 25, 35
and 15 K respectively were used in the present work.

2.1 Evidence for a spin gap in the incommensurate
spectrum

Figure 1 shows, for the optimally doped sample (z = 15%,
T. = T/™%*), a representative @)-scan along the direction
(%, % + %, 0.6), indicated by the arrow in Figure 1. These
scans were taken at a fixed energy transfer of 3.2 meV
above and below T, = 35 K. At 50 K, two maxima are
clearly observed at the expected incommensurate posi-
tions. Cooling down to 1.5 K completely suppresses the
intensity of these incommensurate peaks at this energy.
This reduction of the spectral weight at low energies start-
ing just below T., has been ascribed to the opening of a
spin gap in the incommensurate component of the fluctu-
ations spectrum. In the left panel of Figure 2, representa-
tive energy-scans are shown at low ("= 1.5 K) and high
temperature (T' = 50 K) for two constant scattering vec-
tors, at ()s for the signal and at Qpg = (%(1 + 20), %,0.6)
for background reference. We note that for energies larger
than 3.5 meV, the intensity at Qs is significantly larger
than the intensity at Qpg, while both scans are identical
for energies lower than 3 meV. Upon heating through the
superconducting transition, magnetic intensity at Qs is re-
stored below 3.5 meV, see Figure 2b. From these data we
can estimate a spin gap energy value of 3.5 meV consistent
with previous findings [3,7].

2.2 Evidence for new excitations

More importantly in the low temperature energy scan of
Figure 2b one can easily observe close to the incoherent

scattering, a significant signal which is present at both
scattering vectors. Notice that @y has been chosen far
enough from Qs to avoid any contribution of the standard
incommensurate response. Further, for arbitrary Q4 this
quasi-elastic scattering remains clearly visible within the
dark area shown in left panel of Figure 1.

To get more information about the @Q-dependence of
this new signal, we performed, at high (50 K) and low
(1.5 K) temperatures, various Q-scans at a fixed energy of
1.2 meV (an energy chosen to be well below the spin gap
at the incommensurate position @s) through the whole
Brillouin zone, particularly along the diagonal represented
by the dashed line in the left panel of Figure 1. Displayed
at this large scale the featureless “background” usually
subtracted for better observation of the incommensurate
peaks in more restricted ()-scans, shows now a significant
@-dependence. This quasi-elastic signal clearly consists of
a very broad peak centered at the AF wavevector. The
evolution of the intensity along [%, %, £] has been measured
and only a small decrease could be detected for ¢ varying
between —2 and 2. This evolution indicates that these
correlations are compatible with the copper magnetic form
factor but hardly with a pure nuclear origin of the signal.
They show in addition that these excitations have a two
dimensional character.

The next essential feature we would like to focus on
is the temperature dependence of the quasi-elastic signal.
Upon heating up to 50 K, the intensity of this low energy
signal is considerably reduced and the profile flattens out
as illustrated in the @-scan of the optimally doped sam-
ple in the right panel of Figure 2, indicating a nearly Q-
independent signal for all concentrations studied. More
information is given in Figure 3 where the intensity at
Qar and at a background reference Q = (0.8,0.8,0.6)
are displayed for w = 1.2 meV and z = 10%. It is par-
ticularly interesting to note that the intensity at Qap is
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Fig. 2. Left panel: Figures a and b: neutron intensity as a function of energy transfer for x = 15%, T. = 35 K, corresponding
to data taken at 1.5 K and 50 K respectively. The upper triangles correspond to )5 and the lower triangles to Q4. The hatched
area shows the incommensurate fluctuation spectrum. The lines are guides to the eyes. Figure ¢ corresponds to data, scaled to
the volume of the used single crystals, taken as a function of energy transfer at Qar for x = 10%, and 20% at 1.5 K. Right
panel: Scaled neutron intensity, according to the sizes of the crystals, along [%, %, 0.6] for z = 10, 15 and 20% respectively and
w = 1.2 meV. Open circles correspond to T' = 1.5 K while squares correspond to T" = 50 K. The lines are fitted to a Gaussian

profile describing the incident beam plus equation (1).

systematically above the background reference but raises
substantially, below about 10 K. The emergence of the
large peak centered at @ 4, means that the correlations
become more effective below this temperature. Note that,
within the accuracy of our measurement, no particular ef-
fect is observed at 7.

This signal is, however, not specific to the 15% doped
crystal since it has been found in other compositions, in
the underdoped (z = 10%) as well as in the overdoped
(z = 20%) regimes. The right panel of Figure 2 illus-
trate this point, displaying the @-dependence through the
(%, %,0.6) direction at 1 meV and 1.5 K, for these two
Strontium contents. The energy dependence for these dop-
ings is shown in the left panel of the same figure. Again,
we observe an asymetry between negative and positive en-
ergies in constant-@) scans, and a broad peak centered at
the AF wavevector in constant energy scans. Note that
the @Q-width is somewhat smaller than in the optimally
doped case.

3 Discussion

Because of their @)y and temperature dependence, it is rea-
sonable to propose a magnetic origin for these excitations.
This signal could be the manifestation of slowly relaxing
and locally AF correlated spins. This point is now devel-
oped on the basis of simple form for the neutron scattering

function that reproduces our experimental observations:

S(Qaw) = (l + n(w)) (q — QJtFFCZ‘;)Q 4 K2 [’211‘)“)2

1
= ohw/(ksT) _ 1

(1)
(2)

n(w)
Such a response describes the local relaxation of weakly
interacting spins via an AF interaction, whose memory is

lost over a coherence length & = % and after a characteris-
1

tic correlation time 7 = +. It is remarkable that the small-
est coherence length £ is observed in the optimally doped
samples while, in both underdoped and overdoped regimes
they are significantly larger. This points out the singular
role of optimal doping where the decay of the memory of
the coupling between spins is the strongest. Thus, these
data provide strong evidence for a two-component mag-
netic response implying two different regimes of the copper
spin dynamics: the incommensurate mode and a compar-
atively slower and shorter range AF relaxation. To our
knowledge, this novel type of fluctuations of the spectrum
has not been reported so far in Las_,Sr, CuQOy .

One might think that these low excitations are due to
extrinsic impurities trapped in the crystals, but we think
that this is not the case: while a spin gap has been ob-
served in YBayCusOg4y for a long time, clear evidence for
a similar feature in Las_,Sr,CuQO4 has only been shown
recently [3,7]. The blurred gap reported by previous exper-
iments, was thought to be caused by impurities trapped in
the crystals [3,6]. This point of view is supported by recent
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Fig. 3. Neutron intensity for z = 10% and w = 1.2 meV, as a
function of temperature. Circles correspond to Q = (%, %, 0.6)
while squares to a background position = (0.8,0.8,0.6). The
lines are guides to the eye.

measurements showing that zinc doping in Lags_,Sr, CuOy4
creates incommensurate very low energy magnetic fluctu-
ations in the normal and superconducting state of this
material [4]. A similar effect is observed in zinc-doped
YBayCu30¢4, [5]. Considering these results, it seems that
zinc-doping restores low energy fluctuations, but does not
affect the Q-dependence of the spectrum. In reference [7],
we showed that no spin gap at QJs could be observed in a
underdoped Lag_,Sr, CuQy single crystal, down to 1.5 K
and 1.2 meV. Again, one might think that the absence of
spin gap is due to impurities, but one has to emphasize
that other types of perturbations can reduce the mobil-
ity of the carriers and fill the spin gap at @s. Indeed,
this feature might be due to the strong perturbation in-
duced by the charge density wave instability, accompanied
by the occurrence of the LTT phase, and that this com-
petes with superconductivity around x ~ 0.115, i.e. in the
underdoped regime. In the present experiment, antiferro-
magnetic but not incommensurate low energy fluctuations
are observed. Moreover, their temperature dependence is
quite different from what is observed, for example, in zinc-
doped YBasCu3Og.y . Thus, we see that the new response
is quite different from what is expected in the zinc-doped
case. This leads us to the conclusion that both types of
low energy fluctuations do not necessarily originate from
the same physical mechanism. Knowing that these low
energy fluctuations are observed on different samples, we
think that they correspond to an intrinsic effect, which
is not related to scattering by impurities trapped in the
crystals.

The interpretation of these new low energy fluctua-
tions is certainly not unequivocal, nevertheless we pro-
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pose two possible schemes. First of all, several theoreti-
cal approaches claim that the incommensurate mode may
be ascribed to a particle-hole excitation arising because
of nesting properties of the Fermi surface [8-10]. To ex-
plain the new low energy excitations by such approaches
seems rather difficult, since the large range of Q-vectors of
the new low energy fluctuations is in apparent contradic-
tion with the sharpness of the nesting condition. It seems
more appealing to suggest that these correlations corre-
spond to the relaxation of intrinsically localized spins, AF
correlated on short distances. This nearly localized band
would be sensitive to the itinerant carriers as revealed by
the evolution of ¢ with doping: as shown, the range of the
correlations reaches a minimum at the optimal doping,
where concomitantly T, and the superfluid density reach
their maximum [23]. This could be interpreted as a screen-
ing effect by the itinerant carriers. The narrow band may
result either in disorder-induced localized states around
randomly distributed Sr-atoms [24], either to a band in-
volving the apical oxygens [27], or to local occurrence of
the LTT phase which favors charge localization restoring
AF correlations: indeed, short range AF slow correlations
have been observed by muon rotation studies [26] and ESR
[25] in the LTT phase.

Alternatively, while the extension of the stripe picture
[12,11] to the metallic regime is still debated, a second in-
terpretation can be suggested. It has been argued that in
the stripe phase observed in Nd-doped Las_,Sr, CuO,4 and
Lag_,Sr;NiO4 single crystals [12,13], holes tend to con-
dense into one-dimensional arrays separating antiphase
AF domains. It is commonly assumed that if these stripes
exist as well in the metallic compounds, they should ex-
ist on shorter time scales only. At sufficiently high ener-
gies, the incommensurate fluctuations in superconducting
samples might be attributed to a spin-wave-like collective
mode in the AF domains, while at low energies, the scat-
tering is expected to be dominated by the slow motion of
spins in the vicinity of these stripes, meandering and pro-
gressively slowing down as the temperature is lowered. In
this sense, our new signal could well correspond to such
a meandering. New data are required to distinguish be-
tween these two possibilities. Particularly, a clear nuclear
response signalling the segregation of the charge in stripes
would be an experimental test in favour of the stripe pic-
ture.

Recently, Walstedt et al. and Berthier et al. explicitly
discussed the necessity of a Q-independent contribution
to the susceptibility to describe the behaviour of the pla-
nar 17O relaxation rate [17,18]. It is interesting to note
that though quite difficult to extract in the high temper-
ature range, the new quasi-elastic signal becomes weak
and almost Q-independent. The experiments suggest that
the evidence for an additional response in the low energy
range, coexisting with the incommensurate energy fluc-
tuations, should modify the Q-dependence of x"(q,w) at
the NMR energy scale. We suspect that this might restore
the correct temperature dependence of this relaxation rate
and might reconcile the two types of measurements.
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4 Conclusion

In conclusion, we have shown clear evidence for the exis-
tence of a quasi-elastic signal developing at low tempera-
tures and centered at the AF point. The persistence of this
type of fluctuation from the underdoped to the overdoped
samples and its coexistence with a clear spin gap at the
incommensurate Qs, give very strong support in favour of
an intrinsic origin, excluding scattering from possible im-
purities trapped in the structure. Possible interpretations
have been proposed, addressing the origin of these new
low-energy fluctuations.

We would like to thank C. Berthier, V. Emery, F. Onufrieva,
L.P. Regnault for stimulating discussions, M. Braden for addi-
tional studies on his 15% doped crystal and P. Baroni for its
technical support.
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