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We have used inelastic nsutron schttering to examine the maguetic fluctuations at intermediate
, frequencies in the simpiest high temperature supercotductor, Laz—xSt,CuO,. The suppression of
. the low energy magnetic responsc iz the superconducting state iy accompanied by an increase in the
' response at higher energies. Just above a threshold energy of ~ 7 meV there is additiona} scattering
' present below T. which is chacacterised by an extraordinarily long coherence length, in excess of
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Spin pairing is responsible for dramatic reductions in
the magnetic response of metals as they enter the su-
perconducting state. Over the last few decades nuclear
resonance [1] and peutron scattering measurements (2,3]
have provided convincing evidence for this suppression,
thereby validating ona of the key features of the BCS
wavefunction: the electron spios are hidden becaunse they
belong to singlet pairs [4). Of course, once the pair bind-
ing energy is exceeded, the bare electron spins should
become visible again, The manner in which this occurs
depends on the coberence of excitations from the super-
conducting ground state, as well as the symmetry of the
superconducting order parameter. We have used inelastic
neutron scaitering to examine the magnetic fluctuations
at intermediate frequencies in the simplest high temper-
ature supecconductor, Lag-eS8r; CuOy4. A key conclusion
is that the suppression of the low energy magnetic re-
sponse in the supcrconducting state is accompanied by an
inerease in the response at higher energics. What is more
extraordinary is that at energies just above where super-
conductivity begins to enhance magnetic scattering, the
anhavcement is very sharp in momentum space. Indeed,
the enhancement is resolution limited, corresponding to
a coherence length in excess of all other magnetic, super-
conducting, and electronic length scales, with the excep-
tion of the superconducting phase coherence length, for
Lay 265r0.14Cu0y.

We performed our experiment using the TAS VI cold
neutron spectrometer at Risp National Laboratory in
Denmark and the La; gs519,14Cu0y4 crystals with T, = 35
K employed in previous experiments {3,5]. The scattered
ncutron intensity is proportional to the two spin correla-
tion function which in turn is proportional to the imagi-
nary part of the wavevector (Q)- and energy (hiw)- depen-
dent magnetic response function muitiplied by a thermal
population factor, (n{w)+1)x"(Q.w) where (n(w)+1) =
(1 — e~Mw/kaT)~1 ' Throughont this paper, we use the
square lattice notation employed by theorists to locate
wavevectors in the reciprocal space for the CuQ; planes
(nearest neighbor Cu-Cu separation=2,=3.8 A~!) of
La.g..,Sr,CuO4. For L&l_gsslu‘iACl.qu,, x”(Q,w) pcal’:s_
at four incommensurate positions, denoted Q; in Fig.
1 a), near the magnetic ordering vector, (x, ), of the
insulating and antiferromagnetic parent, La;CuO4 [6].
These correspond to the four locations equivalent to
(7, x) + 8(x,0) with § = 0.245. Fig. 2 shows scans along
the solid line in Fig. 1 a) through two of the peaks for
iwo energy transfers (fiw). It also shows scans along the
dashed line in Fig. 1 a), which are representative of the
temperatute-dependent and weakly Q-dependent back-
ground. For v = 6.1 meV, the peak intensities clearly
decrease on passing from T = 35 K = T, to 5 K, while
for Aw = 9 meV, they actually increase. The former ef-
fect is due to the usual depletion of the electron-hole pair
continuum and has been amply documented over the last
four years for various samples of Laz_Sr.Cu0, [3,5,7].
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The latter effect is new, and being confined to a region
very close to the normal state peakt positions, actually
corresponds to a dramatic sharpening of the incommen-
surate Juctuations in the superconducting state. In gen-__
eral, one would expect the low frequency suppression of
intensity to be accompanied by an enhancement at higher
frequenciea due to conservation of spin. Obviously, an in-
crease in signal between 35 K and 5 K could be aseociated
with continuation of an evglution in the normal state in-
tensity as well as with the onset of superconductivity. To
check which hypothesis is correct, we have measured the
peak intensities ay a function of temperature for saveral
Rw. Fig. 3 shows the results. For the lowest frequency,
6.1 meV, we see the well-known reversal of the growth
in the normal state aignal at T.. In contrast, for both
hw = ¢ meV and 13 meV, the intensities undergo negli-
gible evolution in the normal state, while there is a clear
increase which begins on cooling beiow T,. We conclude
that the rise in incommensurate peak intensity between
T, and 5K is due to superconductivity. For these higher
Aw the temperature dependence of the thermal factor is
quite small and is in the wrong direction to produce an
increase in the intensity at iow temperatures. .
Fig. 4 gives an overview of how the magnetic signa]
changes on going into the superconducting state in the
form of a plot, as a function of both Q and Aw, of the
differences between the 5 K and 35 K data. The im-
portant features are: (i) that the difference crosscs zero
at Aw = TmeV, (ii) that it does not appear to return
to zero in the range of frequencies (to 15 meV) accessed
above 7.5 meV, (iil) that at ¢ meV, the difference is-a
sharp resolution-limited peak centred at the incommen-
surate position (se¢ also the inset in Fig. 2 a)), and (iv)
that at fiw = 15 meV, the difference appears somewhat
broader and shifted to seemingly smaller incommensura-
bility. Indeed, fitting Gaussians to the difference spectra,
we find that the peak at 15 meV has shifted by 0.04+0.01
A-? towards the centre of the scan along the solid line
in Fig. la) while it is centred at the incommensurate
wavevector that characterises the normal state at 9 meV,
The peak in the difference spectrum is also broader at 15
meYV, with a full width at half maximum of 0.1¢ & 0.02
A-1 compared to a resolution-limited 0.04 £ 0.01 A-!
at § meV. This width indicates a coherence length cer-
tainly in excess of 50 A and most probably larger than
100 A (~ 26a,) for the additional 9 meV excitations in
the superconducting state. In addition, this is well be-
yond the 25 A coherence length characterising the in-
commensurate magnetic fluctuations above T, at § meV
[3,8], as well as the estimated 20-30 A superconducting
pair radius for T.a: #eSro,34CuQy4 [9). The inset to Fig. 2
a) shows the resolution limited Gaussian response (solid
line) together with the cross section expected for the 25
A length scale of the normal state using the lineshape
which best describes the normal state response {dashed
line) (3,5,8]. Clearly the resolution limited peak provides

\PA
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a better description of the data (indeed models with co-
herence lengths of 100 and 1000 A provide equally good
fits to the data).

It is possible to obtain a qualitative understanding of
our observations by considering Fig. 1 b) and ¢). In
b) we show the Fermi surface most likely responsible for
the incommensurate peaks in the magnetic response of
Lay_¢Sr.CuO, [10). Inalastic scattering occurs when
neutrons create electron-hole pairs: the arrows corre-
spond to the best mesting vector (ie. the translation
which brings the largest portion of the Fermi surface
into good alignment with another parallel portion) and
concomitantly the neutron wavevector transfer whereby
electrons are removed most effciently from immediately
below the Fermi surface to irmmediately above in the nor.
mal state, Superconductivity sliminates these low fro-
quency electron-hole pair excitations, as illustrated in c).
However, c} also reveals that excitations with momenta
precisely equal to the nesting vector, Qy, are allowed for
30 cnergy transfer equal to the pair binding energy, 2A.
Indeed, at this energy, the only excitations allowed have
precisely the wavevector 2k;, implying that the electron-
bole pair excitation peak which one would find for fixed
neutron energy transfer, as in Fig. 2, should be narrower
in the superconducting than the normal state, where the
momentum phase space for poasible energy conserving
transitions is larger. Of course, as Aw increases, uven for
the superconducting state, more phase space becomes
available, and there should be a broadening in the en-
hanced electron-hole pair response function, which is pre-
cisely what we see in our experiment as well.

It is remarkable that phase space arguments of the type
contained in Fig. 1 c) account for our data. Indeed,
our samples are not optimally doped, display consider-
able pair-breaking in the superconducting state, probably
have a Formi surface with sufficient curvature to broaden
the peak beyond what Fig. 1 ¢) suggests, and are known
to host phonons as well as electron-electron interactions
which would broaden all sharp momentum space features
at finite frequencies or temperatures. Because each phe-
nomenon just cnumerated contributes to the width of
the intensity enhancement seen at § meV below T., we
must conclude that cach phenomenon is separately char-
acterised by u length scale in excess of 50 A. Thus, the
cffect we have discovered cannot have anything to do with
the disorder which leads to other potentially suboptimal
propertics (e.g. a T. of 35 K instead of 38 K) of our sam-
ple. Furthermore, it appears that the peak arises from a
unique spanning vector across the Ferrni surface, imply-
ing that its curvature together with the Q-dependent gap
function are so arranged that the one-dimeasiona) phage
apace portrait, shown in Fig. 1 c), is somehow adequate.
Finally, the (electron-clectron and electron-phonon) ia-
teraction - derived mean free path, whose inverse con-
tributes directly to the broadening in momentum space,
is indistinguishable from infinity in the superconduct.
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ing state. This result, obtained directly from scans in
momentum spaca, has been long conjectured in order to
explain anomalies in various other spectroscopies of the
Superconducting state [11). Because phonons do not dis-
appear below T., the scattering of high-frequency quasi-
particles from phonons should also not change apprecia-
bly on passing through T,. Because the surplus intensity
in the superconducting state is at least a factor of two
Barrower (after cortection for resolution effects) than the
underlying incommensurate peaks in the normal state, it
is thus improbable that electrou-phonon scattering plays
much of a role even in the normal state,

No calculation or previous experiment have anticipated
the new phenomenon which we have discovered » namely
a pew length scale, indistinguishable from infinity, char-
acterising a superconductor. Even 80, it is worth putting
our resuits in the context of other work on x”(Q, w) of
high-T. materials. In particular, a 41 meV resonance ap-
pears in the superconducting phase of the bilayer com-
pound YBajCuyOr, and has spawned considerable theo-
retical activity, Although there are similarities to what
we have obscrved in that there is 3 pronounced enhance-
ment of the response at finite frequency near the zone
boundary there are significant differences. The 41 meV
feature YBa;Cuy0Oy is centered at the commensurate
Wavevector (x,x), is much broader in momenturm space
(the corresponding coherence lengthis 3-8 A), is a narrow
peek (full-width at haif maximum < 2.5 meV) in energy
[12] rather than the threshold phenomenon observed in
La1,865c0.14CuOy where the superconducting to normal
state difference does not recover to zero from Aw = T meV
until at least 15 meV, In addition the 41 mcV feature in
YBa2Cu307 shows a clear c-axia modulation which indi-
cales it is related to the CuO bilayers, one of the defin-
ing characteristics of that compound. Even s0, some of
the theories for YBayCueO; also have implications for
single-layer La1.265r0.14Cu0y. Demier and Zhang pro-
pose a sharp collective excitation at (%, %) [13] as a fea-
ture of all cuprate superconductors. Given that the en-
hancement which we have discovered i neither sharp in
frequency nor centered at {7, =), this is not the origia of
the incommensurate signal enhancement which we have
discovered for La; 345rp,14CuQ4 to be sharp in momen-
tum space rather than in energy. Other approaches com-
bine the band theory of metals displaying antiferromag-
netic correlations, but not order, with a d-wave pairing
state and give rise to features resembling both the 41
meV peak ip YBayCus0O» and the enhanced scattering
we observe in Lay.865r0.24Cu0y [14-20). Anulogons cal-
culations {21,22] for s-wave pairing can mimic the 41 meV
resonance for the bilayer materials, but do not yield the
enhancement discovered ig the present work for the sin-
gle layer compound. In spite of their success in enticipat-
ing an enhanced highw~w response in the superconducting
state of L2351, CuQ,, the available calculations miss
crucial features of the data, most notably the sharpness
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m_Q of the enhanced y”. They also predict a Q-space
AmSOtropy below Aw < 4 mev) in x" which, in spite
of great experimental effort, has yet to be observed in
La1 268r9,14Cu04 [5,7).

Finally we note that there has recently been great ac-
tivity on real-space domain pictures yielding incommen-
surate peaks [23]. It would be interesting to find ous
whether the strong coupling effects naturally included in
such pictures could account for our data. :

In conclusion, we have measured the effact of super-
conductivity on the magnetic response near (v, r) and
at intermediate frequencies (6 meV< hw < 15 meV) in
La; 565r0.14CuQ4. As the total moment sum rule and
the singlet nature of superconductivity suggest, there is
a crossing from negative to positive in the difference be-
tween magnetic spectra in the superconducting aad non-
superconducting state as a function of energy. However,
for hw just above the zaro crossing, the spectrai weight
added by superconductivity is extraordinatily sharp, im-
plying that a new length scale indistinguishable from. in-
finity characterises the superconductivity in this simple
and not especially clean high-T, material,
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FIG. 1. a) The region of reciprocal space probed in this
experiment showing the trajectories used to measure the wig-
nal (solid line) and background (dashed line). b) Schematic
Fermi surface for Lags6Sr9.14CuO. showing the near nest-
ing condition for the spanning wavevector Qs. c¢) Simple
one-dimensional illustration of how the possible spin-flip tran-
sitions contributing to x"(Q,w), with Q spanning the Fermi
surface, change upon the development of superconductive
ity. The dashed lines represcnt the dispersion of the normal
state quasiparticles responsible for the incommensurate peaky
showr in a) at low frequencies. "

FIG. 2. Intensity of the incommensurate magnetic response
messured along the solid line in Fig. 1 a) for hw = 9 and 6.1
meV above (35 K) and below (4.6 K) T,. The background
(meagured along the dashed line in Fig. 1 a)) is shown for
the same energies and temperatures. The data have beea
normalised to a constant incident menitor, the actual count-
ing times used in this experiment varicd between 25 and 210
minutes per point, The error bars reflect the actval count-
ing statistics. The inset shows the difference in the intensity
measarcd at the two temperatures for 9 meV. The Enes are
fits described in the text,
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FIG. 3. Temperature dependence of the incommensurate
magnetic response at the Q, position for 6.1, 9, and 15 meV
enezgy transier. The background measured at the cross {for
which Qu|Q4]) in Fig. 12) has been sabtracted from the
raw count rates. For energies below 7 meV the magnetic
response is suppressed below T. while for higher energies it is
enhanced. The lines are guides to the eye. The vpen symbols
in the bottom panel show the effect of correcting the 6.1 meV
data for the thermal factor in the cross-section. For higher
energies this correction is much smaller and would further

enhance the observed increase in intensity below T,. \

FIG. 4. Perspective plot of the difference in the scattered
intensity in the (Aw=E,Q) piane between the supercondncting
and normal state. The momentum depandence is axpressed as
& function of the displacement in A~! from the incommensu-
rate position, Q4. The data shown corresponds to half of the
scan of Pig. 2. The measured intensity difference (I{¢.6 K)
- I{35 K))} is plotted together with the ganssians which best
describe the energy and Q dependence observed {zee text).
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