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We report on neutron scattering studies of the dynamic spin correlations in La, _,Sr,CuO,_,.
Two superconducting and one nonsuperconducting single crystals were studied. All three of the
samples exhibited metallic normal-state resistivity modified by corrections consistent with localiza-
tion effects. The structure factor S(Q,») measured in these samples reflects to a first approximation
short-range two-dimensional antiferromagnetic spin correlations closely related to those found in
insulating La,CuQO,. In addition, S (Q,®) measured in the superconducting samples has an incom-
mensurate, double-peaked structure which is not present in the nonsuperconducting crystal. The
integrated ( f dQ) intensities of the scattering at both concentrations are nearly independent of
temperature over the range kz T >>#iw to kzT <<#iw for energy transfers greater than ~6 meV.
Furthermore, the difference in the temperature dependence of the intensity between the nonsuper-
conducting and superconducting samples for energy transfers less than ~6 meV suggests that a gap
may be forming in the magnetic excitation spectrum of the superconducting samples. The relation-
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ship of these results to the superconductivity in La,_,Sr,CuO,_, is discussed.

I. INTRODUCTION

A variety of experiments has shown interesting micro-
scopic ‘magnetic effects in La,_,Sr,CuO,_,.'"® 1In
lightly doped La,CuO,_,, neutron scattering experi-
ments! have shown that the spin system undergoes a
transition into a three-dimensional (3D) Néel state, and
that pronounced two-dimensional spin fluctuations® with
a very large energy scale exist at temperatures above the
Neéel transition. Muon-spin resonance (uSR) (Ref. 3) and
light scattering experiments* have also probed the anti-
ferromagnetic behavior found in lightly doped
La,CuO,_,. In more heavily doped La,_ ,Sr,CuO,_,,
neutron scattering experiments® have shown that doping
beyond x =~0.02 destroys long-range order. These same
neutron scattering measurements demonstrated that
short-range magnetic order exists in heavily doped sam-
ples, corroborating earlier reports® which indicated that
magnetic moments persist in La, ,Sr,CuO,_,. The
magnetism of La, ,Sr,CuO,_, has also been probed in
nuclear magnetic resonance (NMR) (Ref. 7) and uSR
(Ref. 8) experiments; these measurements show that some
type of local spin ordering takes place at low tempera-
tures, even in x ~0.15 superconducting samples. Finally,
the nature of the spin correlations in superconducting
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samples has been probed in double-axis (energy integrat-
ing) neutron scattering measurements,®!® which have in-
dicated the presence of an elaborate incommensurate
structure in S (Q,w).

In this article we extend previous neutron scattering
work to explore directly the spin dynamics in
La,_,Sr,CuO,_,. The experiments described in this pa-
per are inelastic neutron scattering studies on one nonsu-
perconducting (x~0.06) and two superconducting
(x ~0.11) samples. The samples, all of which were grown
at Nippon Telegraph and Telephone Laboratories (NTT),
are crystallographically of high quality; consequently, we
have been able to make rather detailed studies of the dy-
namic spin correlations. We report a number of new re-
sults. Principal among them is that the incommensurate
structure appears to be present only in superconducting
samples. The energy dependence of the scattering has
also been mapped out using inelastic neutron scattering
(triple-axis) techniques, and the intensity of the inelastic
scattering at energy transfers greater than ~6 meV mea-
sured in both the nonsuperconducting and the supercon-
ducting samples turns out to be nearly independent of
temperature from 5 to 300 K. Further, the difference in
the temperature dependence of the intensity between the
nonsuperconducting and superconducting samples for en-
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ergy transfers less than ~6 meV suggests that a gap is
forming in the magnetic excitation spectrum of the super-
conducting samples.

The format of this paper is as follows: In Sec. II the
crystal structure and growth are described. A brief re-
view of the relevant neutron scattering cross sections is
presented in Sec. III, and sample characterization mea-
surements are presented in Sec. IV. Neutron scattering
experimental results are presented in Sec. V. Finally, in
Sec. VI we discuss the results and their relationship to
current theories of the superconducting state.

II. PRELIMINARY DETAILS

The crystalline and magnetic structures of La,CuO,
are shown in Fig. 1(a). The open arrows indicate the
direction of rotation of the CuOg octahedra at the
tetragonal-to-orthorhombic structural phase transition,
while the closed arrows indicate copper spin directions in
the 3D Neéel state of undoped La,CuQO,. In the low-
temperature phase the structure is orthorhombic, space
group Cmeca, with lattice constants b >>c¢ >a. We shall
use Cmca notation exclusively in this paper. In Fig. 1(b)
we show the orthorhombic reciprocal lattice; almost all
of the results presented here were taken along the (1,%,0)
and (0, k, 1) magnetic 2D rods.

Single-crystal samples were grown at NTT using a
CuO flux method. We discuss briefly the growth tech-
nique here; full details are given by Hidaka et al.!!
High-quality La,0; (99.9% purity), SrCO; (99.9% puri-
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ty), and CuO (99.9% purity) powder were used as the
starting materials for crystal growth. The CuO flux ratio
used for the single-crystal growth was about 80%; this is
slightly below the value of the eutectic point of the
(La,Sr),Cu0,4-CuO system. The mixture was loaded into
a platinum crucible, heated up to 1300°C in air, and then
slow cooled at the rate of 2—4 °C per hour. Nucleation of
the crystals began around 1100°C, although the explicit
value depended on the Sr concentration. This technique
produced large single crystals for Sr concentrations in the
melt (x,,) up to 0.5; however, the actual amount of Sr in-
corporated into the single crystals (x) was much less.
The final concentration in the crystal x varied from 0.016
to 0.15 as the concentration in the melt, x,,, varied from
0.02 to 0.5.

III. MAGNETIC NEUTRON SCATTERING
CROSS SECTIONS

In this section we review briefly the magnetic neutron
scattering technique; for a full discussion see Ref. 12. A
scattering event is considered in which monochromatized
neutrons with energy E; and momentum k; are scattered
off the sample into a state with energy E, and momentum
k,. Each scattering event is distinguished by two quanti-
ties, the momentum transferred to the sample,
Q=k; —ky, and the energy transferred to the sample,
#io=E;—E,. The cross section for spin only scattering is
then'?
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FIG. 1. (a) Crystal structure of La,CuQ,. The center arrows show the motion of oxygen atoms at the tetragonal-to-orthorhombic
structure phase transition and the black arrows denote spin directions in the 3D Néel state of the undoped material. (b) Reciprocal
lattice; most of the data presented here were taken on the (1,k,0) and (0,k,1) rods.
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Here f(Q) is the magnetic form factor for the spins, and
a refers to the x, y, or z axes. The quantity S**(Q,w),
known as the van Hove scattering function or structure
function, is the Fourier transform in both space and time
of the spin-spin correlation function (S§(0)S&(¢)). This
quantity is a thermal average over the correlations be-
tween the components along the ath axis of a spin at the
origin O at time zero and a spin at site R at time ¢.

Instrumental resolution effects are always present in
neutron scattering experiments, and they must be con-
sidered when interpreting data. Indeed, in some situa-
tions the geometry of the instrumental resolution may be
matched to the geometry of the scattering to enhance the
measured signal relative to the background. The resolu-
tion appropriate for triple-axis scans may be modeled
quite well by a four-dimensional ellipsoid in momentum-
energy space.!> As an example, we consider the case
where the spectrometer is set with 13.7 meV incident
neutrons at zero-energy transfer and momentum transfer
2m/a=1.17 A7, The projection of the resolution func-
tion on the energy-transfer axis is then 1 meV full width
at half maximum (FWHM), and the projection of the
resolution function on the scattering plane is an ellipsoid
which has a principal axis approximately along Q. The
width longitudinal to Q of this projection is of order
~0.02 A™! FWHM, and the width transverse to Q is of
order ~0.1 A~! FWHM. In the third direction in
momentum-transfer space the resolution ellipsoid has a
projection of ~0.1 A~! FWHM; the spectrometer can-
not be scanned along this third direction, however. We
emphasize that the above numbers are projections of the
resolution ellipsoid onto the axes; the resolution ellipsoid
itself can, in general, have any orientation in (%iw)-Q
space. The elongated nature of the resolution function
projection onto the scattering plane suggests that the sig-
nal and more importantly the signal-to-noise ratio may be
enhanced if the long axis of the projection ellipsoid is
oriented parallel to the 2D rod of magnetic scattering. In
fact, the optimum focusing position also depends on the
geometry of S(Q,w), so this condition is not satisfied ex-
actly. To exploit instrumental focusing, the k position
along the 2D magnetic rod at which one does a scan must
be varied as the energy is changed so that the resolution
ellipsoid is always in the focusing position. In practice,
the position along the rod at which focusing occurs has
been determined experimentally; however, simulations in
which the instrumental resolution function is accounted
for predict reasonably well the experimentally deter-
mined focusing position.
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IV. SAMPLE CHARACTERIZATION
MEASUREMENTS

In order to characterize our samples, a variety of fun-
damental quantities have been measured. These in-
clude measurements of the tetragonal-to-orthorhombic
structural transition temperature T, the uSR spin freez-
ing temperature Tf,8 the room-temperature lattice con-
stants, and the superconducting transition temperature.
All of these quantities along with the labels assigned to
these crystals in previous work®>!© are listed in Table I.

The resistivities of NTT-10 and NTT-30 are shown in
Fig. 2. Because of the irregular shapes of these crystals,
the magnitude of the resistivity is uncertain in each case
to within a factor of ~2. The resistivity perpendicular to
the CuO, planes in NTT-30 is about 100 times larger
than that in the planes. Such large anisotropy is typical
of the highest-quality single crystals, as discussed, for ex-
ample, by Preyer et al.'* In the following, we restrict
our discussion to the lower, in-plane resistivity.

For both samples the normal-state resistivity shows be-
havior intermediate between that of pure single crystals
of La,CuO,, ,, and that of ceramics with superconducting
transition temperatures of ~40 K. The former show
thermally activated conductivity, albeit with an activa-
tion energy that is temperature dependent in a way con-
sistent with phonon-assisted hopping.!> The latter have
metallic resistivity, increasing linearly with T, above T.
The two crystals measured here display resistivity that in-
creases at low T, but only by a factor <4 between 250
and 5 K, even for the more resistive of the two. This is
to be compared with the resistivity of as-prepared
La,Cu0y,, ,, for which the resistivity increases from 10 to
10° Q cm in the same temperature range. °

The temperature dependence of the normal-state resis-
tivity for NTT-30 is consistent with that predicted by the
theory of weak localization in two dimensions. 16 The
latter predicts a decrease in conductance at low tempera-
tures proportional to In(7T) with a prefactor that is of or-
der e?/7h and is independent of the conductance itself.
We find that the increase of resistivity for NTT-30 can be
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FIG. 2. Resistivity of NTT-10 and NTT-30. The in-plane
resistivity of NTT-30 has been scaled by a factor of 20.
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TABLE L. T, for NTT-30 and NTT-35 was measured in a sample grown under identical conditions
to these samples. The lattice constants were measured at 300 K.

Sample properties

Label x Vol. 00 a(A)  b(A) c(A) T, (K) T, (K) T, (K)
NTT-2 0 0.40 5.36 13.15 5.41 503

NTT-10  0.06 0.45 5.36 13.18 5.39 428 6
NTT-30 0.1 0.75 5.36 13.22 5.36 265 10 ~5
NTT-35 0.1 1.45 5.36 13.22 5.36 265 10 ~5

fit adequately with the In(T) form, and that the prefactor
is within a factor of ~4 of e?/7h. The increase in resis-
tivity of NTT-10 can also be adequately fit with a In(T)
form, but for this sample the prefactor disagrees with the
weak-localization prediction, e?/mh, by a factor of ~50.
Weak-localization theory is valid only when the change
in conductance due to localization effects AG is much
smaller than the conductance itself. In NTT-10
AG/G>1, while in NTT-30 AG/G ~0.15. Moreover,
the magnitude of the resistivity of NTT-10 measured here
is considerably larger than that of other samples with
comparable strontium concentrations,!” and the crystal
has an irregular geometry, so it is difficult to make quan-
titative statements about the resistivity of this sample. It
is therefore reasonable that NTT-30 exhibits a conduc-
tance which is consistent with 2D weak-localization
theory while NTT-10 exhibits a conductance which is
not. Dedicated experiments to test the predictions of the
weak localization theory are underway. Based on experi-
ence with other 2D systems, it appears that the nonsuper-
conducting crystal displays localization behavior on a
shorter length scale than the superconducting ones. In
other words, superconductivity occurs only when
disorder-induced backscattering is sufficiently weak.

Magnetization measurements were taken on a piece of
dimensions 6 X6X2 mm?> broken off from the supercon-
ducting sample, NTT-35. The experiments were done in
both the field-cooled (FC) and zero-field-cooled (ZFC)
configurations. From these measurements we calculated
that the susceptibility was ~80% of —1/4 in external
fields less than 10 G. The character of the superconduct-
ing transition may be judged from the data shown in Fig.
3, which exhibits magnetization versus temperature taken
in the ZFC configuration. The magnetization measured
in NTT-35 is denoted by the open circles, while the solid
circles represent the behavior observed in a sample iden-
tical to NTT-35 which had been annealed in an oxygen
atmosphere. Apparently, an oxygen concentration inho-
mogeneity has produced a variation of T, of ~5 K in
different regions of our samples. This spread in T, is con-
sistent with the rounding we observed in the tetragonal-
orthorhombic structural phase transition. We remark
that all neutron scattering experiments reported herein
were performed on samples in their as-grown state.

The 2D antiferromagnetic correlation length, &,p, has
been measured in previous double-axis (energy integrat-
ing) experiments on a number of doped samples, includ-
ing those examined in this paper.>!° It was found that
&,p is approximately independent of temperature, but
that the correlation length does depend on the strontium

concentration. Figure 4 shows the 2D correlation length
versus strontium concentration, x. The line is the aver-
age separation between the holes introduced by strontium
doping; experimentally the 2D antiferromagnetic correla-
tion length is of the order of the hole separation. In all
three of the samples studied here, §,p=181%6 A. The
large error in this measurement comes from uncertainties
in the line shape of the scattering.

Two properties which reflect the bulk characteristics of
a sample, the uSR-spin-freezing temperature Tf,8 and
the structural-phase-transition temperature Ty, have also
been measured. The spin-freezing temperatures of NTT-
10 and a sample grown under identical conditions to
NTT-30 and NTT-35 were determined by Uemura and
co-workers.!® They found that the spin-freezing transi-
tion occurs at 6 K in NTT-10 and at ~5 K in the
sample grown under identical conditions to NTT-30 and
NTT-35. T, was measured by monitoring the tempera-
ture dependence of an orthorhombic-phase superlattice
peak, typically the (0,2,1). The strontium and oxygen
homogeneity of the samples may be estimated from the
amount of rounding in T, which we found to be less
than 25 K for all three samples. Using this value and
previous results>!® we calculated the spreads in x and y
in La,_,Sr,CuO,_, to be less than 0.012. From Fig. 3
of Ref. 5, as well as from chemical analysis, we estimate
x =0.06%0.02 for NTT-10 and x =0.11£0.02 for NTT-
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FIG. 3. Magnetization measurements taken in the ZFC
configuration at a field of 10 Oe. The as-grown data are from
measurements on a piece of NTT-35 and the oxygen annealed
data are from measurements on a sample grown under identical
conditions to NTT-35.
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30 and NTT-35. We emphasize that measurements of T
reflect bulk properties of the material. Therefore, our
samples have very uniform oxygen and strontium concen-
trations; consequently, the superconductivity must be a
bulk rather than surface effect, consistent with our flux
expulsion measurements.

We now discuss our overall conclusions about the
character of our samples. Assuming that the properties
of this system depend solely on hole content, and using
Fig. 4 of Weidinger et al.,® the spin-freezing and trans-
port properties indicate that NTT-10 is just barely nonsu-
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FIG. 5. Hole concentration vs temperature phase diagram
showing the character of several samples studied at Brookhaven
National Laboratory.
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perconducting with a net hole concentration p ~0.05 and
that NTT-30 and NTT-35 are just barely superconduct-
ing with p~0.07. Using the data found in Johnston
et al.,' Torrance et al.,?® and Birgeneau et al.,’ the lat-
tice constants and structural-phase-transition tempera-
ture values are consistent with the spin-freezing and
transport characterization of the samples, if it is assumed
that all three samples are oxygen deficient. We show in
Fig. 5 the position of samples studied here and in some of
our other work>?! on a schematic temperature versus
hole concentration phase diagram. The data in this pa-
per will show that samples which are just barely nonsu-
perconducting and just barely superconducting exhibit
dramatically different microscopic magnetic behavior.

V. NEUTRON SCATTERING MEASUREMENTS

In this section we describe the results of our neutron
scattering experiments. The measurements were done on
spectrometers H7 and H4M at the Brookhaven National
Laboratory High Flux Beam Reactor; a variety of experi-
mental configurations was used in order to optimize the
visibility of the magnetic scattering above the back-
ground. Data were taken with either the incident or final
neutron energy fixed (E;- or E,-fixed mode) at one of
13.7, 14.7, or 30.5 meV, while neutrons with subharmon-
ic wavelengths were removed with pyrolitic graphite
filters.

The scattering observed in one of the superconducting
samples, NTT-35, is shown in Figs. 6-9. We note that
experiments on NTT-30 gave results entirely consistent
with experiments on NTT-35. The scattering observed at
300 K at various energy transfers is shown in Fig. 6.
Two series of scans showing the temperature dependence
of the 6 and 4.5 meV response functions are given in Figs.
7 and 8, while in Fig. 9 two scans taken at 5 K with
different energy transfers are presented. In Fig. 6 the
scans were taken in the E;-fixed configuration; the inten-
sity must therefore be multiplied by a correction factor,?
tan(6 4 )/kf3, where 0, is the analyzer scattering angle.
Thus the scans at higher absolute energy transfers in Fig.
6 have corrections which considerably reduce the experi-
mentally measured intensity in obtaining the intrinsic
S(Q,w). These corrections have not been applied to the
data shown in Fig. 6. The data in Figs. 7-9 were taken in
the E,-fixed mode; consequently, no significant intensity
corrections are needed for these data.

A number of very interesting features may be seen in
the data of Figs. 6-9. First, S(Q,®) in the superconduct-
ing sample exhibits peaks which are split off from the
(1,0,0) antiferromagnetic peak position. At 300 K this in-
commensurability is clearly visible at 9 and 15 meV; as is
evident in Figs. 7-9, at lower temperatures S(Q,w) at 6,
4.5, and 1.5 meV also exhibits the same incommensura-
bility. This incommensurability has been observed previ-
ously in energy integrating [ f S(Q,w)dw] double-axis
scans.”!® We remark that the incommensurability ob-
served in the present results is not clearly resolved at all
energies, temperatures and experimental configurations;
we believe. that this occurs at least partly because the
temperature-dependent inelastic background and instru-
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mental resolution effects can easily obscure the intrinsic
signal. The fact that the double-peak structure becomes
more clearly resolved at lower temperatures nonetheless
appears to be intrinsic; however, we caution that it is
difficult to make quantitative statements.

The incommensurability appears to increase slightly
between the energies of 1.5 and 9 meV, and then at larger
energies appears to decrease again. This can be seen in
the data presented in Fig. 6, where the 15 meV scan ex-
hibits a smaller incommensurability than the 9 meV scan.
We remark that other data not shown here support this
decrease in incommensurability at large energy transfers;
however, more experimental work is necessary to docu-
ment convincingly this novel behavior.

It is impossible to determine the intrinsic signal in the
zero-energy transfer scan of Fig. 6 because the elastic
background from parasitic scattering events is too large.
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FIG. 6. Constant-E scans across the 2D magnetic rod in
NTT-35. The spectrometer was set in the E;-fixed mode at 13.7
meV and the collimation was 40'-40'-40’-80". Since these data
were taken in the E;-fixed mode, the relative intensity at various
energy transfers must be scaled by the tan(6, )/k} correction
factor described in the text. The focusing positions along the
2D magnetic rod for scans with E=—1.5, —3.0, —6.0, —9.0,
and —15 meV were k=0.90, 1.15, 1.70, 2.15, and 3.0 r.l.u., re-
spectively.
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This result apparently contradicts a previous measure-
ment, '© where a rather large elastic signal which exhibit-
ed the symmetry in momentum-transfer space charac-
teristic of an intrinsic signal was observed. The difference
between the data presented here and that presented in
earlier work is that the energy of the incident neutron
was 13.7 meV for the data shown in Fig. 6, while it was
14.7 meV in the previous measurement. We conclude
that most of the zero-energy transfer signal measured
previously is not intrinsic, although more detailed mea-
surements will be needed to document this convincingly.
A mystery which remains to be solved is how a nonintrin-
sic scattering process can have the symmetry of the re-
ciprocal lattice.

Because the crystal was mounted in an [001] zone, the
measurements described above only determine the incom-
mensurability along (1,0,0) and (0,0,1). We have carried
out some preliminary measurements in the [010] zone in
an attempt to map out the full 2D geometry of S (Q,w).
However, in the [010] zone the background increases by a
factor of ~ 3; consequently we were unable to obtain con-
vincing data in a reasonable length of time. The issue of
the full 2D geometry will be addressed in future experi-
ments.

In Figs. 10 and 11, we show data taken on the nonsu-
perconducting sample, NTT-10. The scans in Fig. 10
were taken with configurations identical to those used to
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FIG. 7. Temperature dependence of the +6 and —6 meV
scattering in NTT-35. The spectrometer was set in the E  -fixed
mode at 30.5 meV and the collimation was 40'-40'-40'-80’. The
line through the —6 meV scattering is from a fit to the +6 meV
scattering scaled by the detailed balance factor as discussed in
the text.
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obtain the data shown in Fig. 6, while the scans in Fig. 11
were taken with conditions comparable to those used in
obtaining the data shown in Fig. 9. We note that a small
correction? must be applied to obtain intrinsic relative
intensities of the scans shown in Fig. 11; this correction
decreases the intensity of the 9 meV scans relative to the
3 meV scans by 20%.

It is clear from the data in Figs. 10 and 11 that there is
no evidence for incommensurability at any energy
transfer at any temperature in this nonsuperconducting
sample, since all peaks are symmetric and centered about
h=1; similar results were reported in Ref. 5. Fits to a
double-peaked scattering function indicate that any possi-
ble incommensurability which may have been obscured
by disorder and instrumental resolution effects is less
than 0.03 A~!. As can be seen in Fig. 10, the line shape
at 300 K does not change in width between 3 and 15
meV, and indeed this width is just that determined in
Ref. 5 from double-axis energy-integrating measurements
on NTT-10. Further, the line shape of the 3 and 9 meV
scattering shown in Fig. 11 is approximately independent
of temperature. The dramatic difference in the micro-
scopic magnetic behavior observed in nonsuperconduct-
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FIG. 10. Constant-E scans across the 2D magnetic rod in
NTT-10. The configurations for these scans are identical to
those in Fig. 6.
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FIG. 11. Temperature dependence of the 3 and 9 meV
scattering in NTT-10. The spectrometer was set in the E ;-fixed
mode at 14.7 meV and the collimation was 40'-40'-40'-80'.

ing (NTT-10) and superconducting (NTT-35)
La,_,Sr,CuO,_, is one of the salient results of this pa-
per; presumably this difference in behavior is related to
the larger hole concentration and possibly the supercon-
ductivity present in NTT-35. Hints of an incommensu-
rate structure were observed in nonsuperconducting sam-
ples of La,_,Sr,CuO,_,, as reported in Ref. 5. Howev-
er, the transport properties and strontium concentration
of these samples suggested that parts of the samples were
superconducting, but that the entire sample volumes did
not go into the superconducting state. More experiments
will be necessary to determine conclusively whether the
spin state which produces the incommensurate structure
is a prerequisite for the superconductivity; however, all
currently available data suggest that the incommensurate
spin state is indeed a prerequisite.

In order to gain some insight into the temperature and
energy dependence of the spectral distribution of the
magnetic scattering, we have calculated the 1D integrat-
ed (fdQ) intensity of the scattering; that is, we have
found the area under the curves shown in Figs. 6-11.
The results of these calculations are summarized in Figs.
12 and 13. We emphasize that a true comparison of the
spectral weight can only be obtained from integrals over
one Brillouin zone in Q space; however, since we do not
know the complete geometry of S(Q,w), the results from
1D integrations are presented here. We do not expect
that this approximation will change our results qualita-
tively.

In Fig. 12, we show the integrated intensity at various
energy transfers for NTT-10 and NTT-35 at 300 K.
Corrections for the tan(6 )/kf3 factor?? and magnetic
form factor have been included in this figure, and the in-
tensity has been normalized by the volumes of the sam-
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FIG. 12. Integrated (fdQ) intensity vs energy transfer for
NTT-10 and NTT-35 at 300 K.

ples. The large energy scale for the magnetic fluctuations
observed in undoped and lightly doped La,_,Sr,CuO,_,
is also present in superconducting samples; the scattering
at 6 and 15 meV have comparable integrated intensities.
We note, however, that only qualitative conclusions can
be drawn from these data, since uncertainties in the back-
ground and the focusing effects introduce considerable er-
rors. One may nonetheless conclude that the integrated
scattering intensity is, to within a factor of 2, indepen-
dent of both hole concentration and energy over the
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FIG. 13. Integrated (fdQ) intensity vs temperature for
NTT-10 and NTT-35. The data in this figure were taken at a
variety of different experimental conditions; consequently the
magnitude of the intensities cannot be compared at different en-
ergy transfers and between the two samples.
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ranges probed here.

The temperature dependence of the integrated intensi-
ty is summarized in Fig. 13. A surprising result is that
the scattering intensity is nearly temperature independent
over the entire temperature range 5 K<7T<300 K at 9
meV in the nonsuperconducting sample and at 6 meV in
the superconducting sample. The lack of temperature
dependence is very unusual, and in fact La,_,Sr,CuO,_,
appears to be the first antiferromagnet where this behav-
ior has been encountered. As a cross check to test this
behavior, we performed scans at both +6 and —6 meV
on NTT-35. As can be seen in Fig. 7, the scattering at
—6 meV decreases as the temperature is lowered. This is
in accord with detailed balance, 2 which states that

S(Q,—w)=e P°S(Q,w), )

where =1/kyzT. In Fig. 7 the line through the —6 meV
scattering is actually calculated from a fit to the +6 meV
scattering scaled by the detailed balance factor. Thus,
the measured scattering is intrinsic with little or no con-
tamination from parasitic scattering events. We show in
the inset of Fig. 13 the Bose occupation scattering factor,
1+1/(e(E/kB T)—l), for 6 meV excitations. For conven-
tional phonons and magnons, the intensity of the scatter-
ing would follow the Bose factor, since the line shape is
independent of temperature. The observed temperature
independence provides strong evidence that the measured
scattering has not originated from phonons, since the in-
tensity of phonon scattering processes must follow the
Bose statistics population factor, barring any pathologies
in the temperature dependence of the phonon structure
factor.

A major difference in the temperature dependence of
the intensity of the superconducting and nonsupercon-
ducting samples is that at lower-energy transfers the in-
tensity decreases with decreasing temperature in the su-
perconducting sample, while it increases with decreasing
temperature in the nonsuperconducting sample. When
contrasted with the behavior seen in the nonsupercon-
ducting sample, the decrease in the 4.5 meV intensity
with decreasing temperature observed in the supercon-
ducting sample does suggest that the scattering is moving
to higher energies. One explanation for this behavior is
that a gap is forming in the magnetic excitation spectrum
of the superconducting sample; this behavior has been ex-
plored more thoroughly in a 7, =33 K sample.?!

Unfortunately, polarized neutron scattering experi-
ments, which could establish definitively that the inelastic
signal is magnetic, as opposed to nuclear, cannot be done
because the signal is too weak. Thus two other methods
were used to confirm the magnetic origin of the inelastic
scattering measured in NTT-35.

In the first cross check, scans across the (1,k) and (3,k)
rod positions with the energy transfer set at 6 meV were
performed; the data are shown in Fig. 14. Now if the in-
commensurate structure originated from phonon scatter-
ing the signal would have increased roughly as Q2 as-
suming that the dynamic structure factor for the phonon
scattering is approximately constant. A scan across the
(3,k) position would therefore have shown a double-peak
structure ~9 times more intense than the equivalent scan
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FIG. 14. Constant-E scans across the (1,k,0) and (3,k,0)
magnetic rods. The spectrometer was set in the E,-fixed mode
at 30.5 meV and the collimation was 40'-40'-40'-80’. The
dashed line is the solid line scaled by 0.40, the intensity change
predicted for a magnetic signal.

at the (1,k) position. On the other hand, if the scattering
is magnetic in origin, due to the Cu*? antiferromagnetic
form factor?* the scattering intensity would decrease by a
factor of ~0.4 in going from (1,k) to (3,k). The dashed
line in Fig. 14 is the (1,k) rod data scaled by 0.40. Clearly
the data are consistent only with a magnetic origin for
the scattering. Moreover, this result demonstrates that
virtually all of the double-peak signal is magnetic; this is
information that could not easily be obtained from polar-
ized neutron scattering experiments.

In the second crosscheck, a 6 meV scan in which the
momentum transfer was scanned up the 2D Bragg rod
was performed. The data are shown in Fig. 15, where it
can be seen that the signal is independent of k, thus
demonstrating that the scattering at this energy is entire-
ly two dimensional. The 2D character of this scattering
was actually proven indirectly in previous!® double-axis
measurements; the data presented here show this aspect
of the scattering more convincingly. The 2D character of
the scattering provides further evidence that the signal is
magnetic, since the dynamic magnetic signal in undoped
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FIG. 15. Constant-E scan in which the momentum transfer
was scanned along the 2D magnetic rod. The spectrometer was
set in the E,-fixed mode at 30.5 meV and the collimation was
40'-40'-40'-80'".
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La,CuO, has been definitively established to have a simi-
lar 2D character, while the low energy phonon modes
have fully 3D dispersion relations.

VI. DISCUSSION

The results reported here put a variety of constraints
on theories of the superconductivity and magnetism in
La,_,Sr,CuO,_,. Whether the short-range incommens-
urate spin structure that we have documented should be
viewed as resulting from an incommensurate spin density
wave (SDW),?* as a frustrated state of predominately lo-
calized spins,?® or as a spiral state arising from induced
dipole interaction due to the motion of holes?’ is one of
the issues which must be addressed.

In the SDW picture,?’ an incommensurate spin state
occurs if the wave vector of the spin-density wave follows
the Fermi wave vector with doping rather than being
pinned to the lattice wave vector. An important test of
this theory is that it produce the correct geometry for
S(Q,w). In the itinerant picture, the geometry of the 2D
Fermi surface?® is such that S(Q,w) would have four
rods of scattering rather than a ring of scattering.

An alternative point of view to the itinerant picture is
that the Cu moments are primarily localized on Cu sites
as the result of correlation effects. In a localized picture,
mechanisms by which doped holes produce an incom-
mensurate type of structure will most likely be related to
either frustration?® or hole motion.?” Qur data indicate
that this incommensurability only becomes measurable in
superconducting samples with relatively long localization
lengths; this would seem to support the approach of
Shraiman and Siggia.?” Indeed, it is possible that the
spin state associated with the incommensurability is a
prerequisite for superconductivity to exist. That is, the
extra kinetic energy gained by the holes when the Cu?*
spins go into an incommensurate state may trigger the su-
perconductivity. We mention that localized spin ap-
proaches can produce an S(Q,®) which has either four
rods of scattering?’ or a ring of scattering.?® The data
presented here do not distinguish between these two pos-
sibilities; as noted previously, we will attempt to resolve
this issue in future experiments.

In a recent paper, > the temperature-dependent part of
the uniform susceptibility of La,_ ,Sr,CuO,_, was ana-
lyzed using a combination of a Pauli term and a 2D anti-
ferromagnetic Heisenberg term with both the Cu?* mo-
ment and the Cu?>"-Cu?* exchange energy depending on
hole concentration. It was suggested that both the mo-
ment and the exchange energy decreased dramatically
with increasing hole concentration, with both of these
quantities approaching zero at p ~0.20. This model is in-
consistent with our data for at least two reasons: (i) The
spin configuration in superconducting samples of
La, ,Sr,CuO,_, is not antiferromagnetic, but rather

some type of short-range incommensurate structure. (ii) -

The antiferromagnetic correlation length of the 2D
Heisenberg model diverges as the temperature ap-
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proaches zero. Our data show no evidence for such
divergent behavior; indeed, the correlation length of the
spin configurations which we have observed is nearly
temperature independent below 300 K and is quite short.

The experiments reported here provide a picture of the
energy spectrum of the spin excitations in La, ,Sr,
CuO,_, including the following elements: (i) The in-
tegrated ( f dQ) scattering intensity is within a factor of 2
independent of energy transfer over the range 1.5-15
meV. (ii) The integrated ( f dQ) intensity of the positive
energy-transfer dynamic scattering is within experimental
error independent of temperature over the range
kpT >>fiw to kT <<fiw.

Point (i) above may be explainable by the large ex-
change constant®* (|J| ~ 120 meV) compounded with the
fact that anharmonicity produced by quantum fluctua-
tions creates more scattering at large energy scales. The
behavior described in (ii) does not have an obvious ex-
planation, however. The mystery in this behavior is that
the intensity is temperature independent for temperatures
both above and below the characteristic temperature of
the magnetic excitation. It would therefore seem as if
another energy scale exists in this system in addition to
the thermal energy scale. We regard the lack of tempera-
ture dependence of the scattering intensity as a funda-
mental experimental result which any successful theory
of the magnetism in this system must satisfactorily ex-
plain.

We discuss now the possible appearance of a gap in the
magnetic excitation spectrum of the superconducting
samples. Most recent experiments seem to favor singlet-
state pairing,®! in which case magnetic interactions can
break the Cooper pairs if there is sufficient overlap be-
tween the magnetic ions and the superconducting car-
riers. The simplest way in which this can be prevented is
if a gap appears in the spin excitation spectrum. The
relevant energy scale to consider is the superconducting
gap energy 2A. We take as the lower limit for the super-
conducting gap value the weak coupling Bardeen-
Cooper-Schrieffer (BCS) value 2A(0) =3.5kz T, ; fluctua-
tion effects,3? anisotropy in the gap,®® and strong-
coupling effects may effectively increase this value consid-
erably. In our 7,=10 K samples the gap would then be
at least 3.5kz 7. ~3 meV. The data shown in Figs. 8 and
13 do indicate that the magnetic signal at 4.5 meV in
NTT-35 decreases considerably between 200 and 5 K.
Moreover, Shirane et al.?! have found that in a T, =33
K sample the intensity of the magnetic scattering for all
energy transfers less than ~9 meV decreased by a factor
of ~3 between 100 and 50 K. Thus, there is growing evi-
dence that a gap in the magnetic excitation spectrum
does in fact exist in superconducting samples of
La, ,Sr,CuO,_,; this issue is discussed more thorough-
ly in Ref. 21.

In conclusion, we remark that the differences we have
observed in the magnetic properties of nonsuperconduct-
ing (NTT-10) and superconducting (NTT-30 and NTT-
35) samples of La,_,Sr,CuO,_, cannot be coincidental.
The magnetism and .the superconductivity in
La,_,Sr,CuO,_, are intimately related.
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