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Abstract

Over the past decade, we have studied in detail the low energy spin fluctuations in
Las_;Sr,CuQy for z between 0 and 0.18. Our experiments, as we:! as those by others,
have revealed a fascinating interplay between the hole doping, the static and dynamic spin
fluctuations and the superconductivity. Recently, using electrochemical techniques, we have
learned how to produce large single crystals of La;CuOy4, which are relatively homogenous.
In this latter system, the dopants are characterized by annealed rather than quenched dis-
order. Furthermore, we have demonstrated staging behavior of the excess oxygen analogous
to staging in intercalated graphite. We have now succeeded in carrying out measurements
of the low energy spin fluctuations in stage-6 La;CuQOyy,. Specifically, we find that in this
system which has T, = 31 K, the spin fluctuations are incommensurate with energy and
temperature dependencies very much like those in La; g5Srp15CuO4 with T, = 33 K. In ad-
dition, we find that T./§ is a constant for high quality materials in both La,_,Sr;CuQO4 and

'LayCuOyyy, here 6 is the incommensurability.
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I. INTRODUCTION

After a decade of intensive research, it has become clear that the phenomenon of high
temperature superconductivity is characterized by both great complexity and rich physics.
Much of the materials effort in this field has been focused on producing materials with higher
transition temperatures. Our efforts, instead, have been centered on producing materials
which will allow insight into the basic physics of the overall copper oxide phases and phase
diagram including the superconductors. Toward this end we are interested in finding simple
materials which allow for illustrative experiments. As part of this approach, we have pursued
an extensive project on the LapCuQOy., system [1,2]. As we will discuss below, this material
has an elaborate series of structural phases. Recently, we have performed inelastic magnetic
neutron scattering studies of superconducting LasCuQygss [2]. Of particular importance
is the comparison of the magnetic excitations in the La;CuQOg4y, compound with those in
Lay_,Sr,CuQy [3]. Both materials are based upon the original parent compound Lay;CuQy,
but the nature of the dopant ions and the structures are fundamentally different in the two
compounds. The Sr** dopants in Lay_,Sr,CuQ,4 enter the structure substitutionally for
La ions while the oxygen dopants in La;CuOg4, occupy interstitial sites [4,5]. The Srt™*
ions are essentially immobile once the crystal solidifies below ~1400 K, while the excess
oxygen dopants in La;CuO44, remain mobile down to near 200 K. Thus a comparison of
the two systems allows us to test the influence of quenched versus annealed disorder upon
the properties of a given high-T, system.

The format of this paper is as follows. In Section II we review the phase diagram and
structures of La;CuOyyy. Section IIl contains a review of the recent magnetic inelastic

neutron scattering measurements in La;CuOygs5 [2]. A discussion is given in Section IV.




II. PHASE DIAGRAM AND STRUCTURES

The phase diagram which we have determined for excess oxygen La,CuQ, is shown
in the bottom panel of Fig. 1. Comparison with the corresponding phase diagram of
Lay_,Sr,CuQ,4 [6], displayed in the top panel, shows that the two systems exhibit fun-
damentally different behaviors. The reason for this, as noted above, is that the Sr** ions
are totally frozen below the growth temperature, whereas the O™~ intercalant ions are mo-
bile down to ~200 K [1,2,4,5]. Thus, except for concentrations corresponding to near-integer
staging as described below, the O™~ ions phase separate into regions of smaller and larger
O™~ concentrations. The phase separation between y ~ 0.01 and y ~ 0.055 shown in Fig. 1
had been extensively explored by Johnston and co-workers prior to our work [4,5].

As a result of a concerted materials effort, we have learned how to grow and electro-
chemically intercalate large, narrow mosaic single crystals of LapCuQO44, with y up to ~ 0.1
and volumes approaching 1 c¢c. This has enabled us to elucidate the basic structures of the
materials. Further, these single crystals make possible studies of the lattice and spin excita-
tions in the superconducting concentration range. We have found that the low temperature
structure of La;CuOyy, for y > 0.055 is orthorhombic with a superlattice structure along
the c axis [1]. The diffraction is consistent with a structural model originally proposed for
LasNiOy4s [7]. In this model, the CuQOg octahedra are tilted. Within the planes, the tilts
are ordered in the same manner as in undoped La;CuQ, and perpendicular to the planes the
tilts have the same local ordering. The structure of La;CuQO44y with y > 0.055 differs from
that of LagCuQy in that the doped material contains broad antiphase domain boundaries
regularly spaced along the ¢ axis, perpendicular to the CuO, planes. The antiphase domain
boundaries consist of layers across which the direction of the CuQg tilts are reversed. Within
this model the antiphase domain boundaries are presumed to be caused by ordered layers of
interstitial oxygen. This one-dimensional ordering of the extra oxvgen is similar to the stag-
ing behavior of halogens and alkalis intercalated into graphite. Following the literature on

intercalated graphite, we use the term “staging” to describe the c axis modulation of the un-




doped structure; stage n refers to an induced periodicity of n CuO; host layers. LayCuOy4,
thus presents an interesting contrast with La,_,Sr,CuQj, since the dopants which contribute
the charge carriers give rise to annealed rather than quenched disorder.

For excess oxygen concentrations between ~0.01 and ~0.055, the behavior as a function
of temperature is quite elaborate. Phase separation occurs below Tps =~ 290 K. The onset
of stage ordering in the oxygen rich phase occurs at Tso =~ 255 K. The staging number
evolves from ~7 to ~6 with decreasing temperature [1]. If the sample is cooled through the
temperature region around 210 K over a period of several hours, as recently reported by X.
Xiong et al. [8], an additional phase transition occurs. This transition corresponds to the
establishment of a mass density modulation along a with a periodicity of about 11.5 a [1].
T. in the modulated phase is about 1.5 K higher than that in the quenched samples [8].
Increasing y beyond 0.055 results in samples with, in succession, stage n = 4,3,2. The
exact oxygen concentration y for each of these stages is not yet known, nor is T, although
preliminary evidence suggests T.(n = 2) may be as high as 45 K.

Clearly, the LayCuQOyy, system represents a rich system for study of the structural,
magnetic, transport, and superconducting properties. Most importantly, since the O™~
intercalant ions are mobile at 200 K, which in energy units is much smaller than the impor-
tant electronic and magnetic energies, the disorder in La;CuQOyy, is annealed rather than
quenched. Thus, by making detailed comparisons with the results in La,_,.Sr;CuQy, it
should be possible to determine the relative effects of annealed versus quenched disorder on

the normal state and superconducting properties.

II1. SPIN EXCITATIONS

A great deal of effort has gone into studying the spin fluctuations in the high-T, super-
conductors and related compounds [6,9,10]. In particular, understanding the magnetism of
the undoped parent compounds has been one of the significant successes in the field [9,11].

While the superconductors themselves show no long range ordered magnetism of the Cu mo-




ments, there are clear short range antiferromagnetic correlations [9,10,12]. The mechanism
of the disruption of the long range order by holes is still under debate.

The best and most extensive data exist for the La;_,Sr,CuQy, system [9,10,12]. Neutron
scattering studies have shown that antiferromagnetic spin fluctuations exist over a bréad
range of z [9]. For low doping values the peak positions, intensities, and correlation lengths
show a simple evolution from the well understood undoped material, which exhibits 3D Néel
order for 0 < z < 0.0175. At higher doping 0.02 < z < 0.05, the neutron scat-
tering peaks indicate short range magnetic order with the characteristic antiferromagnetic
wavevector (3,3) in reciprocal space for the two-dimensional square lattice [13]. However,
in the doping regime where superconductivity appears, for z & 0.05, the spin fluctuations
no longer occur at (3, 1) but split into four peaks located at (1 +46,3) and (3, ; £ ) as seen
in Figure 2.

Neutron scattering experiments have also determined that for optimally doped
La;_,Sr,CuQ, in the superconducting state, the intensity of the spin fluctuations below

3.5 meV at (3 &4, 3) and (1,1 + ) are suppressed, vanishing as T — 0 3]. This suggests
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the formation of a superconducting magnetic gap. Indeed the observed magnetic gap is
consistent with a d,2_,» superconducting order parameter with 2A, ~ 6kT, [3]. Earlier
work on somewhat poorer quality underdoped samples showed that the low energy neutron
scattering peaks are also suppressed at the above g-positions but the intensity does not go
to zero at the lowest temperatures studied [9,10,14]. The energy range of the partial gap in
these depressed T, samples is similar to that where a complete gap is seen in the optimally
doped sample. It is difficult to interpret the physical origin of this magnetic gap in the
superconducting state without first understanding the origin of the magnetic peaks in the
normal state.

There are many models which may account for the incommensurate splitting of the
inelastic magnetic scattering peaks in Lay_;Sr,CuQ4. Two of the most widely discussed are

the nested Fermi surface model [15-17] and the charge fluctuation model. In the Emery

and Kivelson version of the latter model [18] the doped holes segregate into one-dimensional
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Cu-O chains or stripes which are non-magnetic and cause antiphase domain boundaries
between the remaining undoped, antiferromagnetic regions. There is a great deal of ongoing
research to try to determine if either of these two physical pictures or other proposed models
is correct. Empirically, it must be determined whether the effect seen in Las_,Sr,CuQ,
is universal among different compounds with different types of dopants and how the effect
develops as a function of doping. The experiments which we review here add to the empirical
knowledge base in both of these areas.

Figure 2 shows a schematic of the trajectory for the scans we use to measure the incom-
mensurate magnetic peaks. The original alignment of the crystal is such that the (H,0,L)
zone is in the scattering plane. The scattering rods, which are at (1 £, 1,L) and (},1+46,L)
in the square lattice notation appear at (1 ¥ §,+4,L) and (1 £ 4, F4,L) in the Bmab no-
tation. Thus, to scan over the incommensurate peaks we must scan outside of the (H,0,L)
zone. This is accomplished by tilting the sample by 6° as shown in Figure 2. Since we
are studying two-dimensional scattering rods, the value of L is immaterial except for pur-
poses of maximizing the signal-to-background. We choose the L position to avoid anomalous
background scattering and to optimize the instrumental focusing with the long axis of our
scattering plane resolution ellipse lying along the rod. This configuration gives a better
signal-to-background ratio than measurements of the same peaks in the (H,K,0) scattering
zone [12,14]. |

Our inelastic magnetic scattering experiments on La,CuQOy44, have been performed on two
single crystal samples. Both have been intercalated with oxygen using electrolysis at 90° C in
a D0 solvent (in contrast to the H,O solvent used in our previous studies [1]). We note that
this substitution for solvents results in a subtle difference in the stage ordering temperature,
possibly due to the intercalation of small quantitites of OD~ (versus OH™). One sample
(labeled Sendai-1 after the institution at which it was grown) has a mass of 3.366 grams and
has an oxygen doping within the first miscibility gap region with approximately 80% of the
sample on the oxygen rich side at low temperatures, about Oy 45, With a superconducting

onset temperature of T, = 32 K. The other sample (labeled MIT-1) weighs 1.927 grams with
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an oxygen content just at the oxygen rich edge of the first miscibility gap, about O4 ¢s5, with
T, = 31 K. These samples are less than one third the size of the crystals used for the best
inelastic neutron scattering measurements on Las_,Sr,CuQO,4. However they are about ten
times larger than most of the crystals used in previous electrochemical oxygen intercalation
studies.

The oxygen-rich portion of Sendai-1 has a staging number of 6.0 at low temperatures,
while the oxygen-rich portion of MIT-1 is predominantly stage 6.2 with a small admixture
of stage 4.1. Figure 3 shows longitudinal scans in q at an energy transfer of 2 meV for the
Sendai-1 sample at different tilt angles. A tilt angle of 0° is equivalent to scanning along H
in the (H,0,L) zone. We see two different sets of peaks in these scans. There is a peak at
(1,0, L) seen most clearly in the 0° tilt scan, as well as peaks which are seen best in the 6°
tilt scans at (1 — 4,6,L) and (1 + 4,4,L) where & = 0.105. The peak at (1,0,L) arises
from spin waves in the oxvgen-poor region of the crystal and those at (1 + 6,4, L) from
spin excitations in the oxyvgen-rich region.

Our goal is to study the oxvgen-rich material; thus the rest of the data we present comes
from MIT-1, the sample near the high-y edge of the first miscibility gap. In this sample
we see very little inelastic scattering at the (1,0,L) postion, indicating that only a small
fraction of the sample consists of undoped CuO, planes. In Figure 4 we present the inelastic
scattering peaks for an energy transfer of 2 meV at three representative temperatures T' =
50 K, 32 K (~ T,), and 11 K. The peak intensity appears to rise slightly from 50 K to 32 K
but then is substantially reduced at 11 K. Similar behaviour is seen for our data taken at
an energy transfer of 3 meV, but any such diminution of intensity for an energy transfer of
4 meV is very slight. This corresponds closely to the results by both the Brookhaven [12,14]
and Ris6 [10] groups for Lay_,Sr,CuQ,4 samples with similar T..

In Figure 5 we present a summary plot of the imaginary part of the susceptibility
x (q = Qs, w) versus temperature at three small energy transfers for both this sam-
ple of LapCuOyyy and the La_;Sr,CuQ, sample used in references [12,14]. We obtain

X (Qs, w) from the inelastic peak intensity at the incommensurate position (1 — 4, 6,L) via
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the fluctuation-dissipation theorem and scale our data with a single multiplicative constant
to give the best overall agreement. The results are nearly identical within the error bars
for these two systems. It appears that the temperature dependence of the spin fluctuations
does not depend on the nature of the dopants, Sr** versus O~~, with their characteristic
quenched versus annealed disorder. Whereas these two samples behave nearly identically,
the temperature dependence changes with T, for the La;_,Sr,CuQy4 system, and, as men-
tioned above, the optimally doped material exhibits a complete magnetic gap below 3.5 meV
while the underdoped materials like those in Figure 5 do not.

It is also instructive to compare the value of the incommensurability § of the inelastic
peaks for LaoCuQOy,, with that found for Las_;Sr,CuOy4. In recent work, Yamada et al.
[19] have found a proportionality between the superconducting transition temperature for
highest quality single crystals and ¢ for samples up to optimal doping. Using the data from
Yamada et al., we have constructed a plot, shown in Figure 6, of 6 versus T, that includes
our La;CuQOy4, sample which has T, = 31 K and § = 0.105. It is clear from the figure
that the LayCuQOyy, crystal fits perfectly on the straight line defined by the Las_;Sr;CuQO4
samples.

Another important parameter is the width of the inelastic peaks in q. Unfortunately,
since our La,CuQOyy, samples are still less than one third the volume of the best single
crystals of Las_,Sr,CuQ, that have been studied, the statistics are not as good. Thus
we cannot determine the widths with any precision at this time, but it appears that the
La;CuOy44, peaks are broader than those in the Las ;Sr;CuQy crystals with similar T..
We do not believe that this is the result of any anomalous structural disorder; our undoped
crystals are state-of-the-art TSFZ grown La;CuQy. In addition, as already noted. the oxygen
dopants presumably form a more ordered arrangement than do the Sr** dopants. Thus we
are led to the speculation that the broad inelastic peaks in La;CuQOy4yy could represent
the superposition of multiple peaks from layers with different incommensurabilities. This
may reflect a staged modulation of excess oxygen as described above. If the oxygen is not

uniformly distributed among the layers then one might not expect the doping to be uniform

-8




among the different CuO; planes. Accordingly, from the work of Yamada et al. one might
expect these different doping levels to give different incommensurabilities [19]. Thus the
broad peak that we measure may actually represent three separate unresolved peaks with

somewhat different q positions.

IV. CONCLUSIONS

The most important conclusion of this work is that the existence of incommensurate
spin fluctuations in the high temperature superconductors is universal for 214 type systems.
The most basic features of the spin fluctuations: their position in reciprocal space and
evolution with temperature appear to be independent of the type of dopant, the physical
arrangement of the dopants, and the degree of disorder in the crystal. In the oxygen doped
214 crystals the excess oxygen can find its equilibrium arrangement down to temperatures
near 200 K. This is well below the relevant magnetic and electronic energies in the problem
which are J ~ 1500K and the band width W =~ 2 J. This is quite different from the
case for Sr** dopants which are in fixed positions at the sample melting temperature near
1400 K. Future experiments on higher stage La;CuQO,4;, as well as both underdoped and
overdoped La,_,Sr,CuQ, will serve to elucidate the dependence of the spin excitations and

the superconducting magnetic gap on the hole concentration.
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FIGURES
FIG. 1. Comparison of (a) phase diagram for Lay_,Sr;CuQO4 and (b) proposed phase diagram

of La20u04+y.

FIG. 2. Position of the inelastic magnetic peaks in reciprocal space. The scan trajectory is

given by the arrow.

FIG. 3. Inelastic scans on Sendai-1. The tilt of the scan trajectory is varied from 0° to 3° to
6°, while the temperature and energy transfer are fixed at T = 32 K and E = 2 meV. The lines are
fits to the cross-section which includes the (%, %) peak and the four incommensurate peaks, here

only the tilt angle is changed.

FIG. 4. Inelastic scans on MIT-1. The tilt of the scan trajectory is fixed at 6°, while the energy
transfers and temperatures are varied. The lines are fits to the cross seciion which includes the

four incommensurate peaks only.

FIG. 5. The imaginary part of the susceptibility as a function of temperature for MIT-1 over-
layed on data from Ref.[12] for a Sr-doped crystal with similar T.. A single multiplicative constant

is used to scale the data to give the best overall agreement.

FIG. 6. The incommensurablity versus temperature data for Las_;Sr,CuQ, taken from Ya-

mada et al. [19] with the datum point from our La;CuQO4,y crystal MIT-1.
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