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We present time-of-flight neutron-scattering measurements on single crystals of Las_,Ba,;CuO4
(LBCO) with 0 <x< 0.095 and Las—;Sr,CuOs (LSCO) with z = 0.08 and 0.11. This range of
dopings spans much of the phase diagram relevant to high temperature cuprate superconductivity,
ranging from insulating, three dimensional (3D) commensurate long range antiferromagnetic order,
for z < 0.02, to two dimensional (2D) incommensurate antiferromagnetism co-existing with super-
conductivity for z > 0.05. Previous work on lightly doped LBCO with z = 0.035 showed a clear
enhancement of the inelastic scattering coincident with the low energy crossings of the highly dis-
persive spin excitations and quasi-2D optic phonons. The present work extends these measurements
across the phase diagram and shows this enhancement to be a common feature to this family of
layered quantum magnets. Furthermore we show that the low temperature, low energy magnetic
spectral weight is substantially larger for samples with non-superconducting ground states relative to
any of the samples with superconducting ground states. Spin gaps, suppression of low energy mag-
netic spectral weight as a function of decreasing temperature, are observed in both superconducting
LBCO and LSCO samples, consistent with previous observations for superconducting LSCO.

I. INTRODUCTION 54

55

There are several important similarities between dif- :
ferent families of high temperature superconductors, -
which can also be common to certain low temperature o
superconductors'. The most striking of these is the prox- o
imity of magnetism to superconducting ground states. o
Interestingly, the contiguous nature of these two ordered o
states has driven speculation that the two orders com- o
pete with each other, and also that magnetism may be o
intimately involved in the mechanism for Cooper pair o
formation in cuprate, iron-based, heavy fermion and or- o

ganic superconductors? %, o

The 214 family of cuprate superconductors is the es
original family of high temperature superconductors to e
be discovered®. Both Lay_,Ba,CuO,; (LBCO) and
Lay_,Sr,CuO4 (LSCO) are relatively easy to grow n
as large single crystals, although the growth of the »
Las_;Sr,CuOy4 branch of the family is easier at higher 7
x. As a result, this system has been extensively stud- 7
ied by techniques that require large single crystals, such
as inelastic neutron scattering!®. However, advances in 7
neutron scattering itself, and especially in time-of-flight 7

neutron scattering at spallation neutron sources, have
made it timely to revisit the spin and phonon dynamics
in these systems, wherein sample rotation methods have
allowed for the collection of comprehensive four dimen-
sional data sets spanning Q and hw'!.

Both LBCO and LSCO lose their three dimensional
commensurate (3D C) antiferromagnetic (AF) order on
doping with holes at finite £'%!3. This occurs at = 0.02
in both LSCO and LBCO. Quasi-two dimensional (2D)
incommensurate short range frozen order replaces 3D C
AF, with the onset of 2D order occuring at much lower
temperatures, ~ 25 K, for z > 0.02. As a function of
increased doping, x, the wave-vector characterizing the
2D IC magnetism increases, consistent with the stripe
picture introduced by Tranquada and co-workers'4. Re-
markably, the IC wave-vector rotates by 45 degrees, from
so-called diagonal to parallel stripes at a doping level
that is co-incident with the onset of a superconducting
ground state, £ = 0.05 in both LBCO and LSCO'?16,

Independent of whether the AF order is C or IC,
the quasi-2D spin excitations are known to be centered
on two dimensional magnetic zone centers (2DMZCs),
which are wave-vectors of the form (%, %, L), and equiva-
lent wave-vectors. This notation implies a pseudotetrag-
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onal unit cell that is consistent with the relatively smallis:
orthorhombicity present in these materials!” 2°. Theis
quasi-2D spin excitations are also known to be highly:ss
dispersive and to extend to energies ~ 200 - 300 meVis
depending on the precise level of doping?! 24, Recentuss
time-of-flight neutron scattering on lightly doped, & =13
0.035, non-superconducting LBCO has revealed very in-is
teresting enhancement of the magnetic spectral weightiss
as a function of energy, that is co-incident with theis
low energy crossings of the highly dispersive spin excita-o
tions with weakly dispersive optic phonons?’. The op-iu
tic phonon most strongly associated with this enhance-i
ment, at ~ 19 meV, could be identified with a breath-is
ing mode of (mostly) the oxygen ions within the CuOgus
planes. This phonon eigenvector is both quasi-2D itself,is
and is expected to couple strongly to the magnetism, asuss
its displacements flex the main Cu-O-Cu superexchangeis
pathway within the ab plane. 148

In this paper, we extend these and related time-of-140
flight neutron scattering measurements to other dopings,,,
in the LBCO and LSCO family, including several sam-
ples with sufficiently high doping to have superconduct-_,
ing ground states. These results show that the same,,
phenomenology of enhancement of the magnetic spec-,,
tral weight at the low energy crossings of the very dis-
persive spin excitations with the weakly dispersive optic
phonons, primarily at ~ 15 and 19 meV, is a common,,,
feature across the phase diagram studied, from = = 0,
to x = 0.11. We further show a common form for the
energy dependence of x//(Q, hw) across this series at low, |
temperatures, with non-superconducting samples show-
ing greater weight at relatively low energies only, com-,
pared with samples with superconducting ground states.
We also present evidence for a suppression of the low,,
energy magnetic scattering within the superconducting,
ground state relative to the same scattering within the
higher temperature normal state for both LBCO and,,
LSCO. We interpret these results as the formation of
superconducting spin gaps, consistent with previous re-,

ports for LSCO.

170

171

II. EXPERIMENTAL DETAILS -

174

High-quality single crystals of Las_.(Sr, Ba),CuO4us
were grown by floating zone image furnace techniquesis
using a four-mirror optical furnace!®?%26, The growths,
followed the protocols already reported for the non-iz
superconducting samples?’ 29, 179
LBCO samples at low doping, z < 0.05, such thatis
they possess non-superconducting ground states, dis-is:
play orthorhombic crystal structures with space groups:
Bmab®%3! at all temperatures measured in these ex-iss
periments. At higher doping, = > 0.05, such thats
both LBCO and LSCO samples possess superconductingiss
ground states, both orthorhombic and tetragonal crys-iss

tal structures are observed over the temperature ranges
measured3?33. Despite this complexity in the structure
of the materials studied, the distinction between the a
and b lattice parameters within the orthorhombic struc-
tures is small, and in light of the relatively low Q reso-
lution of our measurements, we choose to approximate
all of these crystal structures by the high temperature
I4/mmm tetragonal structure that is displayed by the
parent compound, LasCuOy. We will therefore adopt
the tetragonal notation for all our samples at all temper-
atures measured343% in this study. All crystal structures
within these families are layered which gives rise to quasi-
two dimensional magnetism over most of the phase dia-
gram. Consequently, magnetic zone centers are centered
around equivalent (%, %, L) tetragonal wave-vectors, and
appear extended along L. We will refer to these lines in
reciprocal space as two dimensional magnetic zone cen-
ters (2DMZCs), and much of our focus in this paper will
be on these features within reciprocal space.

Neutron scattering measurements were performed us-
ing the ARCS and SEQUOIA time-of-flight chopper
spectrometers, which are both located at the Spallation
Neutron Source at Oak Ridge National Laboratory36-37.
Both are direct geometry chopper instruments and use
the same ambient temperature moderator for their in-
cident neutrons®. The single crystal samples, each of
approximate mass 7 grams, were mounted in closed cy-
cle refrigerators allowing measurements to probe the ap-
proximate temperature range from 5 to 300 K with a
temperature stability of ~ 0.1 K. All measurements were
performed with single crystal samples aligned such that
their HHL scattering plane was horizontal. We em-
ployed E; = 60 meV incident energy neutrons for all
measurements shown and employed single crystal sam-
ple rotation about a vertical axis. By coupling this sin-
gle crystal sample rotation experimental protocol with
the large, two dimensional detector arrays of ARCS and
SEQUOIA, we obtained comprehensive four-dimensional
master data sets in each experiment (3 Q and 1 energy
dimensions), which we can project into different scatter-
ing planes by appropriate integrations of the data.

SEQUOIA was used to measure the x = 0 and 0.05
LBCO samples. In these measurements, we employed
SEQUOIA’s 700 meV high flux chopper to select the inci-
dent neutron energy, 60 meV, resulting in an energy res-
olution at the elastic position of ~ 1 meV, and a momen-
tum resolution of ~ 0.03 A~!. Measurements swept out
141 degrees of single crystal sample rotation, collected in
1 degree steps. Measurements at ARCS were performed
on the LBCO z = 0.035 and 0.095 and both LSCO sam-
ples. Here we employed ARCS’ 100 meV chopper® to
select F; = 60 meV, and again the resulting energy res-
olution was ~ 1 meV at the elastic position, and the
momentum resolution was ~ 0.01 A~1. These measure-
ments swept out 140 degrees of single crystal sample ro-
tation in one degree steps. All data reduction and anal-
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FIG. 1. Energy vs. HH maps for all samples measured, as2s2
labeled. The data shown employs the subtraction of an emptyass
can data set?®*! integration from -0.1 to 0.1 in < HH > and,,,
-4to4in < L >. The vertical rod shaped features, emanating,,,
from (3,3) positions are the dispersive magnetic excitations.
All data have been normalized to be on the same aubsolute237

intensity scale as described in the text.
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CONTOUR MAPS OF THE SCATTERED
NEUTRON INTENSITY 245
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III1.

Our time-of-flight neutron data sets span all four di-**

mensions of energy-reciprocal space. As a result, in order
to view projections of the scattering in different scat-**°
tering planes, we must integrate about out-of-plane di-*°
rections, as appropriate. Scattering planes, or so-called®*
slices, are obtained by integrating the master data set®?
about two out-of-plane directions. Constant-energy or**
constant-Q cuts are obtained by integration of the mas-
ter data set about three directions?". %5

We first present energy vs. HH maps of the scatter-
ing for all the single crystals measured at base cryostat®’
temperature, which are between 5 and 7 K. These maps®®
are obtained by integrating from -0.1 to 0.1 in HH and®®
from -4 to 4 in L, and are presented in Fig. 1 for all of**
our LBCO and LSCO samples, as labeled. We have also®
normalized each data set to the same absolute, but oth->*
erwise arbitrary, intensity scale by using a combination®?
of normalization to incoherent elastic scattering and/or**
low energy acoustic phonon scattering at 6 meV, near®®
the (0 0 16) Bragg peak?®?. 266

From Fig. 1 we see several common features for all thexr

248

254

256

samples. The most salient feature is the highly disper-
sive rod-shaped inelastic scattering that emanates from
both of Q = (:I:%, :i:%,L). These rods of inelastic scat-
tering are the highly dispersive spin excitations. One
notes a small drop off in this magnetic inelastic inten-
sity with increased doping, although the LBCO = = 0
magnetic scattering appears weak due the effects of ex-
perimental resolution and signal integration. Nonethe-
less this is a relatively weak effect and the overall mag-
netic spectral weight at energies less than ~ 40 meV is
not significantly diminished for doping levels out to z
~ 0.11. In addition, an increase in the breadth of the
magnetic scattering along Q is observed, which is con-
sistent with a linear doping dependence of the incom-
mensurate splitting of the magnetic excitations. Such
a doping dependence is known to describe the incom-
mensuration of the 2DMZCs*3. It should be noted that
the inelastic magnetic scattering is understood to exhibit
an hour-glass shaped dispersion**4®. However, our rel-
atively low Q resolution measurement is not sensitive
to such hour-glass features. Instead, the magnetic scat-
tering appears as dispersive rods emanating from the
2DMZCs. The incommensurate nature of the inelastic
scattering is pronounced and obvious in Fig. 1 for all of
the samples with superconducting ground states, which
are those with = > 0.05. Several clear phonon branches
can also be seen within this field of view. These are
the quasi-2D phonons common to all of these materi-
als, as previously discussed?’. As we are employing a
rather large integration in L (+ 4), we expect that three
dimensional features will be averaged out by such an in-
tegration, while 2D features that are dispersionless along
L, will appear more clearly in such a plot.

Common to all six maps in Fig. 1 is the strong en-
hancement of the inelastic scattering seen at the cross-
ings of the dispersive spin excitations with the rela-
tively dispersionless optic phonons near 15 meV and
19 meV. This enhancement has been previously dis-
cussed for the LBCO z = 0.035 sample??. Here we see
a remarkably consistent behavior as a function of dop-
ing, for systems with both superconducting and non-
superconducting ground states, and for both LBCO and
LSCO. The enhanced inelastic scattering increases in
breadth along < HHO > for increased z and a similar
increase in breadth is also observed for the lower energy
scattering. As the incommensuration of the purely mag-
netic scattering in this system is expected to increase
roughly linearly with z'%, we interpret these broaden-
ing as a function of x as the result of the increasing
incommensuration with x. Consequently, the increased
breadth of the enhanced scattering at the spin-phonon
crossings arise from the increased incommensuration of
the magnetic inelastic scattering emanating from the
2DMZCs.

We now turn to constant energy slices of the H K plane
in Fig. 2. To obtain this projection, we again integrate
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FIG. 2. Maps of the scattering in the H K plane for all sam-2ss
ples measured, as labeled. The data shown employs inte-i;
gration from -4 to 4 in < L > and &+ 1 meV in energy, as,;
labeled. Data have been normalized separately, as described,,
in the text.

289

290

291
from -4 to 4 in L but now integrate by £ 1 meV in energy.zo
We have done this for all six data sets shown at two en-zo
ergies - 7 meV, an energy at which the scattering at thezs
lowest |Q| 2DMZCs is almost entirely comprised of mag-2os
netic scattering, and 19 meV, the energy for which thezs
optic phonons in the 214 cuprates are quasi-2D in naturessr
and where the enhanced scattered intensity is maximal.os
Here, we do not normalize each data set to a single ab-2ep
solute, arbitrary intensity scale. Instead, we normalizesn

LBCOx=0  LSCOx=0.08
" . 'S
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FIG. 3. Maps of the scattering in the HHL for all samples
measured, as labeled. The data shown employs integration
from -0.1 to 0.1 in < HH > and £ 1 meV about 19 meV.
Data have been normalized to the same absolute, arbitrary
scale.

each data set such that their respective intensity scales
at 7 meV appear qualitatively similar, and we then em-
ploy the same normalization for the corresponding 19
meV data sets.

Consider first the left column of Fig. 2. This shows the
7 meV data for all six samples measured. At this energy,
there are no crossings of phonons with the spin excita-
tions at the 2DMZCs. At the lowest |Q| 2DMZC we ex-
pect minimal contributions from phonon scattering such
that the scattered intensity is magnetic in origin. The ex-
tent of the scattering within the H K plane increases with
doping, x, although it is most noticeable for = > 0.05.
We also note that the ratio of the magnetic scattering
around the 2DMZC to the nearby background scatter-
ing, which is comprised of phonon scattering, decreases
as a function of x, albeit only slowly. Some decrease
in the magnetic scattering with increased x is expected,
as magnetic moments are being removed from the sam-
ples. Such an effect should appear at least linearly with
284647 Nonetheless, this data, and those shown in Fig.
1, make it clear that significant dynamic magnetic spec-
tral weight is present well into the Las_, (ST, Ba),CuOy4
phase diagram, and clearly coexists with superconduc-
tivity.
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plotted at all measured temperatures for all samples. All data3®
shown were integrated from -4 to 4 in L, -0.1 to 0.1 in H H33s
and -0.6 to -0.4 in HH. The data has been normalized to thess?
same absolute intensity scale, corrected for the Bose factorsss
and employs a subtraction of a Q and energy independentss
background, as described in the text. Error bars represent,,,
one standard deviation.
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Turning to the HK slices at 19 meV, shown in the
right column of Fig. 2, we see similar trends to those
seen at 7 meV. We find that the extent of the scatter-
ing within the H K plane increases with doping in much
the same way as is observed at 7 meV, and the relative
strength of the scattering at 19 meV compared with 7
meV appears to increase with x.

Figure 3 focuses on this 19 meV scattering by pro-
jecting our 4 dimensional master data set into the HH L
scattering plane. In this figure, we again normalize us-
ing an absolute, arbitrary intensity scale. We clearly see
isotropic rods of scattering that extend along L for the
2DMZCs of the form (4,1, L). Such rods of scattering
are indicative of the 2D nature of the enhancements seen
in Fig. 1. We clearly identify the increasing extent of
the rods of scattering in the HH direction with z, and
see that this occurs along the full rod of scattering along
L.

IV. ANALYSIS AND DISCUSSION

Taken together, Figs. 1-3 show similar enhancement
features in the 15-20 meV regime across the underdoped
region of the 214 cuprate phase diagram, out to almost
T = %. We now focus on a quantitative analysis of
the energy dependence of the spectral weight emanating
from the 2DMZCs and the enhancement of this spectral
weight coincident with crossings of the spin excitations
and low-lying optic phonons, as previously reported for
LBCO with = = 0.035%°. We then convert our mea-
sured S(Q,hiw) to the imaginary part of the susceptibil-
ity, or x//(Q, hw)?°. The relationship between S(Q,hw)
and x//(Q, hw) is given by the Bose factor?®:

S(Q,w,T) = [n(hw) + 1)] x x"M(Q,w,T) (1)

where

S (2)

1—e *5T

[n(hew) +1)] =

To compare the dynamic susceptibility appropriately,
one must remove background contributions to the scat-
tered intensity. We employ the same form of back-
ground subtraction as was previously used for LBCO,
x = 0.035%0. For each sample, we first employ an inte-
gration from -4 to 4 in L and -0.1 to 0.1 in HH. From
there, we further integrate in HH from + 0.2 to + 0.4
and + 0.6 to = 0.8 in HH to give us a measure of the
background away from the 2DMZCs but bounded by the
nearby acoustic phonon, as can be seen in Fig. 1 for all
of our data sets. Having accounted for the experimental
background, we remove the Bose factor from our data
and normalize our data sets to an absolute scale. We
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FIG. 5. Constant-energy cuts along the (—%, —%) direction,

as shown in Fig. 4, for the lowest temperature data sets
collected on each sample. The data employ the same -4 to 4,
-0.6 to -0.4 and -0.1 to 0.1 in L, HH and HH, respectively.
Here, all data shown have normalized to the same arbitrary
intensity scale. Error bars represent one standard deviation.

then quantitatively compare the energy dependence of
the Q-integrated (around the 2DMZC) x/(Q,w,T) as a
function of doping, = in Figs. 4, 5 and 6.

We focus on the lowest |Q| 2DMZC Q = (—3,—3)
position, and employ a relatively wide integration in L,
from -4 to 4, so as to effectively capture the quasi-2Dsa
scattering. We also compare data sets taken on ARCSse
only, as there are four such data sets that span the keyss
range of the 214 cuprate phase diagram, and these allowss
us the most “like-with-like” comparison of our data sets.sss

Figure 4 shows the integrated dynamic susceptibility,sss
x"(Q, hw), for all four samples measured on ARCS andss7
at all temperatures investigated. These are all of ourss
samples with superconducting ground states and oness
sample with a non-superconducting ground state (LBCQOs3s0
x = 0.035). All of these data sets show very similar tem-s
perature behavior above ~ 10 meV. We find that thess
effects of temperature do not significantly affect the scat-sss
tering above 10 meV until the temperature reaches onss
the order of 300 K. At 300 K x/(Q, hw) is noticeablysss
reduced especially below ~ 15 meV. The bottom threess
panels of Fig. 4 all show the integrated dynamic sus-ss
ceptibility x//(Q, hiw) for underdoped LBCO and LSCOsss
samples with superconducting ground states. In addi-ss
tion these plots all show data sets at T = 5 K, whichaw
is well below each sample’s respective superconductingao
Te, and at T = 35 K or 40 K, which are around 5 Kaoe
above each sample’s respective T¢. 403

Figure 5 shows the integrated dynamic susceptibil-+s
ity, x/"(Q, hw) at low temperatures for all four samplesos
shown in Fig. 4, but now overlaid such that the similari-sos
ties and differences between low temperature x//(Q, fiw)aor
as a function of doping, x, can be explicitly seen. Nor-.s
malizing the x//(Q,hw) to agree at all dopings in thews
enhancement energy regime, 15 - 20 meV, we see thatao

[S—

T ] L T '
+ + LBCOx=0.035

o= LBCOx =0.095

cs LSCOx=0.08 *
I
I
®

2+ LSCOx=10.11
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10 20
Energy (meV)

J%”(Q,ho)dQ (Arb. Units)

FIG. 6. |Q|* normalized integrated x//(hw, Q) for all ARCS
data sets, as described in the text. A narrow L integra-
tion of -0.5 to 0.5 and 40.1 in both HH and HH about
the (—%, —%, 0) and (—%, —g, 0) 2DMZCs is employed for all
samples measured. Closed symbol data sets correspond to
data from Q = (—%, —%), while open symbol data sets corre-
spond to data from Q = (—%7
standard deviation.

—32). Error bars represent one

the integrated dynamic susceptibility, x//(Q, fiw) at low
temperatures agree in detail remarkably well at all en-
ergies from ~ 10 meV to 25 meV, for the LBCO and
LSCO samples with superconducting ground states, x
= 0.08, 0.095 and 0.11. The LBCO sample with a
non-superconducting ground state, x = 0.035, agrees
with the other samples very well above ~ 12 meV, but
shows enhanced magnetic spectral weight at energies be-
low ~ 12 meV. The integrated dynamic susceptibility,
x"(Q, fiw) at low temperatures is very similar for un-
derdoped LBCO and LSCO at all doping levels mea-
sured, with the proviso that there is enhanced low en-
ergy (< 12 meV) magnetic spectral weight for the non-
superconducting x = 0.035 sample.

The quantitative agreement between the integrated
dynamic susceptibility, x/(Q,hw) at low temperatures
and below ~ 35 meV across over such a large range of
doping in both LBCO and LSCO is remarkable. Com-
bined with the earlier observation from Figs. 1-3 that the
breadth in Q of the enhancements track with the incom-
mensuration about the 2DMZC, while staying centred
on the energies of the low lying optic phonons, we are
led to an interpretation of the enhancement that depends
on both the spin and phonon degrees of freedom. Such
an effect would likely involve a hybridization of quasi-2D
spin degrees of freedom with optic phonons, as opposed
to a solely magnetic origin.

As was done previously for LBCO x = 0.035%°, we can
compare the strength and form of x/7(Q, iw) as a func-
tion of Q at 2DMZCs for which the nuclear structure
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FIG. 7. Left Column: Integrated x//(Q,hw) for the three
samples with superconducting ground states. These data™
have been integrated from -4 to 4 in L, from -0.1 to 0.1 in**
HH and from -0.6 to -0.4 in HH. Only a Q and energy inde-ss;
pendent background has been subtracted from the data set.,s
Right Column: Difference plots between the high tempera-,,
ture (35 K or 40 K) and the low temperature (5 K) data sets,
shown in the left column of this figure. Data sets from the461
same sample (in the right or left column) employ the same

arbitrary intensity scale. Error bars represent one standard'®

deviation. 463

464
465

466
factor is identical (within the I4/mmm space group).,,
The structure factors are identical at wave vectors of,
the form (%, g, 0) and in Fig. 6, we compare x//(Q, hiw),q,
integrated around the (—%, —%, 0) and (—%7 —%, 0) wave-y,
vectors. For this comparison we employ a relatively nar-,;,
row integration in L about L = 0, from -0.5 to 0.5. We,,
observe the same large enhancements to x//(Q, hw) near,;
15 meV and 19 meV around (—1, —1,0) as were seen in,,
Figs. 4 and 5. To simplify the comparison, we have also,s

fit and removed a En;gy dependence from the low |Q|.s

data set. This phenomenologically removes low-Q mag-47
netic scattering contributions. We note that it is wellass
known that such a simple model fails to capture the fullaro
complexity of the energy dependence of the magneticaso
scattering®®°%, but we find that the resulting fit cap-s
tures our measurements well. Were this enhancementas:
due solely to phonons, the resultant curves would allss
scale as |Q|?. We have scaled the measured x//(Q, hw)ss
by |Q|? in Fig. 6, and Cleiarlylthe |Q|? scaled Xé/(Q’ Fuw)ass

is much stronger near (—%, —%,0) than near (=3, =32, 0).4s

This eliminates the possibility that the enhancement isssr

due to phonons alone, or due to a simple superposition
of phonons and spin excitations whose spectral weight
monotonically decreases with energy. Fig. 6 shows that
such a conclusion follows for all concentrations of LBCO
and LSCO studied.

Finally, we address the issue of whether or not a spin
gap, a suppression in the magnetic spectral weight at
low energies, occurs in underdoped LBCO and LSCO on
reducing temperature and entering the superconducting
state. As can be seen in Fig. 4, the presence of a spin
gap will be a subtle effect. As the magnetic scattering
is quasi-2D, we perform a similar analysis to that which
produced Figs. 4 and 5, using a large integration in L
from -4 to 4 to better capture the quasi-2D magnetic
scattering. The resulting integrated dynamic suscepti-
bility, x//(Q, iiw) is shown in Fig. 7 for our three samples
with superconducting ground states, for energies below
~ 10 meV, and for temperatures just above (35 K or 40
K) and well below (5 K), each sample’s superconduct-
ing T¢. Data in the left hand column of Fig. 7 shows
the integrated dynamic susceptibility, x/(Q, fiw) for the
three crystals, while that in the right hand column of
Fig. 7 shows the corresponding difference in integrated
dynamic susceptibility between the superconducting (T
= 5 K) and normal states (T = 35 K or 40 K).

In this context, a spin gap is identified as excess inte-
grated dynamic susceptibility, x//(Q, iw), occurring at
low energies in the higher temperature normal state,
as compared to the lower temperature superconducting
state. While the effect of the spin gap is subtle, our
data is consistent with a spin gap of ~ 8 meV for x =
0.11, with no spin gap observed for z = 0.08. Presum-
ably, the spin gap energy should fall to zero at the low
x onset of superconductivity in these families, which is
x = 0.05. We note that the superconducting spin gap
we observe in LBCO z = 0.095 is similar to that dis-
played in LSCO z = 0.11. Our results show consistency
between the LBCO and LSCO families, as expected as
their physical properties are so similar. The observation
of a spin gap in LBCO resolves a long-standing puzzle
that LBCO had not previously shown a spin gap, while
LSCO had®'. For LSCO z = 0.11, reports of spin gaps
for samples with similar dopings are lower than what we
find here®? %4, It is perhaps noteworthy that the T¢ of
our LSCO z = 0.11 sample is comparable to those re-
ported for other LSCO samples with higher z, namely
x = 0.14%* and 0.163%°, and the spin gaps reported for
these materials are comparable to those we report for
our LSCO z = 0.11 sample. Additionally, we do not ob-
serve any evidence for two gap physics, as reported in
references 54-56 for LSCO with z = 0.105, 0.12 or 0.125,
respectively. This leads us to conclude that the observed
spin gap in our LSCO z = 0.11 sample is comparable to
materials of similar T¢. While there does not appear
to be a gap in the presented LSCO z = 0.08 data, we
believe this to be a result of the spin gap energy being
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V. CONCLUSIONS oo
526
We have carried out comprehensive inelastic neutrons»
scattering measurements using single crystal sample ro-s:
tation and time of flight techniques on samples of thesx
underdoped 214 cuprate superconductors, LBCO andss»
LSCO, for doping levels between z = 0 and & = 0.11.5a
All of these samples show an enhancement of the inelas-s:
tic spectral weight at 2DMZCs and at energies whichsss
correspond to crossings of the highly dispersive spin ex-su
citations with weakly dispersive optic phonons. Thesess:
results are quantitatively similar to those previously re-ss;
ported for non-superconducting LBCO with 2 = 0.0352° 55
but which are now extended well into the superconduct-ss
ing part of the LBCO and LSCO phase diagrams. Thisss
enhancement is therefore a generic property of these fam-sswo
ilies of quasi two dimensional, single layer copper oxides.sa
While it is possible that the enhanced spectral weight
as a function of energy at 2DMZCs is a purely mag-
netic effect, as was postulated earlier for LSCO with x%?
= 0.085 and 0.016°%°7, its occurence at the confluence
in Q and energy of dispersive spin excitations with op-ss
tic phonons, and its doping independence, at least forss
x < 0.12, makes a hybridized spin-phonon origin muchsss
more plausible. Furthermore, the eigenvector of the ~ 19sss
meV optic phonon for which this enhancement is largestss
is known to be a quasi-two dimensional oxygen breath-sss
ing mode, with ionic displacements primarily within thesso
CuOs, planes, as reported previously for LBCO with x =ss
0.035. Such an eigenvector flexes the Cu-O bonds mostss:
responsible for strong antiferromagnetic superexchange,ss
and such a phonon would be expected to couple stronglysss
to magnetism in LBCO and LSCO. 554

If the requirements for this enhancement are indeed
dispersive spin excitations and quasi-two dimensional
optic phonons capable of coupling strongly to the spin
degrees of freedom, then we do expect this behavior to
persist across the copper oxide phase diagram, to sam-
ples with superconducting ground states, as we are re-
porting. This opens up the very real possibility that
such an enhancement should exist in other families of
high T oxides®®, and the more speculative possibility
that such a hybridized spin-phonon excitation plays a
role in superconducting pairing.

We further show that the quantitative form of the
low temperature, integrated dynamic susceptibility,
x"(Q, hw) at the 2DMZC is very similar as a function
of doping, at least out to x = 0.11 in both LBCO and
LSCO. The main changes that occur on doping is the
suppression of magnetic spectral weight for energies less
than ~ 12 meV at low, non-superconducting dopings
compared with higher, superconducting dopings and the
development of a superconducting spin gap for > 0.05
for both LBCO and LSCO.

ACKNOWLEDGMENTS

We would like to acknowledge useful conversations
had with N. Christensen, E. Taylor, J. P. Carbotte, T.
Timusk, J. Tranquada, I. Zaliznyak and D. Fobes. We
would also like to acknowledge T. E. Sherline and L. De-
Beer Schmidt for technical assistance with the measure-
ments on SEQUOIA, J. Niedziela and D. Maharaj for
technical assistance with the ARCS measurements and
E. McNeice for assistance with sample growth. Research
using ORNL’s Spallation Neutron Source was sponsored
by the Scientific User Facilities Division, Office of Basic
Energy Sciences, U.S. Department of Energy. Work at
McMaster was funded by NSERC of Canada.

1 L. Taillefer. Annual Review of Condensed Matter Physics,sn

1:51-70, 2010. 573
2 P. W. Anderson. Science, 235:1196, 1987. 574
3 V. J. Emery and S. A. Kivelson. Nature, 374:434, 1993. s
‘; C. Varma. Nature, 468:184, 2010. 576

N. D. Mathur, F. M. Grosche, S. R. Julian, I. R. Walker,s
D. M. Freye, Haselwimmer R. K. W., and G. G. Lonzarich.ss
Nature, 394:39, 1998. 579
6'S. Sachdev, M. A. Metlitski, and M. Punk. Journal ofss
Physics Condensed Matter, 24:294205, 2012. 581
7 A.T. Savici, A. Fukaya, I. M. Gat-Malureanu, T. Ito, P. L.ss2
Russo, Y. J. Uemura, C. R. Wiebe, P. P. Kyriakou, G. J.ss
MacDougall, M. T. Rovers, G. M. Luke, K. M. Kojima,sss
M. Goto, S. Uchida, R. Kadono, K. Yamada, S. Tajima,sss
T. Masui, H. Eisaki, N. Kaneko, M. Greven, and G. D.sss
Gu. Phys. Rev. Lett., 95:157001, Oct 2005. 587
8 A.T. Savici, Y. Fudamoto, I. M. Gat, T. Ito, M. I. Larkin,sss

Y. J. Uemura, G. M. Luke, K. M. Kojima, Y. S. Lee, M. A.
Kastner, R. J. Birgeneau, and K. Yamada. Phys. Rev. B,
66(1):014524, 2002.

® J.G. Bednorz and K.A. Muller. Z. Phys. B., 64(189), 1986.

10§, Wakimoto, H. Zhang, K. Yamada, I. Swainson,

Hyunkyung Kim, and R. J. Birgeneau. Phys. Rev. Lett.,

92(21):217004, 2004.

http : /[horace.isis.rl.ac.uk/Mainpage.

2.3, J. Wagman, G. Van Gastel, K. A. Ross, Z. Ya-
mani, Y. Zhao, Y. Qiu, J. R. D. Copley, A. B. Kallin,
E. Mazurek, J. P. Carlo, H. A. Dabkowska, and B. D.
Gaulin. Phys. Rev. B, 88:014412, 2013.

13 B. Keimer, N. Belk, R. J. Birgeneau, A. Cassanho, C. Y.
Chen, M. Greven, M. A. Kastner, A. Aharony, Y. Endoh,
R. W. Erwin, and G. Shirane. Phys. Rev. B, 46(21):14034—
14053, 1992.

14 3. M. Tranquada, B. J. Sternlieb, J. D Axe, Y. Nakamura,

11



589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649

15

16
17

18

19

20

21

22

23

24

25

26

27

28

29

30

32

33

34

35

and S. Uchida. Nature, 375(6532):561-563, 1995. 650
S. R. Dunsiger, Y. Zhao, B. D. Gaulin, Y. Qiu, P. Bourges,es1
Y. Sidis, J. R. D. Copley, A. Kallin, E. M. Mazurek, andes:
H. A. Dabkowska. Phys. Rev. B, 78(9):092507, 2008. 653
J. M. Tranquada. AIP Conf. Proc., 1550:114, 2013. 654
R. J. Birgeneau, C. Stock, J. M. Tranquada, andsss
K. Yamada. Journal of the Physical Society of Japamn,ese
75(11):111003, 2006. 657
M. Fujita, K. Yamada, H. Hiraka, P. M. Gehring, S. H.ess
Lee, S. Wakimoto, and G. Shirane. Phys. Rev. Bieso
65:064505, Jan 2002. 660
K. Yamada, C. H. Lee, K. Kurahashi, J. Wada, S. Waki-es1
moto, S. Ueki, H. Kimura, Y. Endoh, S. Hosoya, G. Shi-es2
rane, R. J. Birgeneau, M. Greven, M. A. Kastner, andess
Y. J. Kim. Phys. Rev. B, 57:6165-6172, 1998. 664
J. J. Wagman, D. Parshall, M. B. Stone, A. T. Savici,ess
Y. Zhao, H. A. Dabkowska, and B. D. Gaulin. Phys. Rev.ess
B, 91:224404, Jun 2015. 667
M. Fujita, H. Hiraka, M. Matsuda, M. Matsuura, J. M.ess
Tranquada, S. Wakimoto, G. Xu, and K. Yamada. Journalsso
of the Physical Society of Japan, 81(1):011007, 2012. 670
J. M. Tranquada, G. Xu, and 1. A. Zaliznyak. Journal ofsn
Magnetism and Magnetic Materials, 350:148, 2014. 672
R. Coldea, S. M. Hayden, G. Aeppli, T. G. Perring, C. D.e73
Frost, T. E. Mason, S.-W. Cheong, and Z. Fisk. Phys.c7

Rev. Lett., 86:5377-5380, 2001. 675
N. S. Headings, S. M. Hayden, R. Coldea, and T. G. Per-67s
ring. Phys. Rev. Lett., 105:247001, 2010. 677

S. R. Dunsiger, Y. Zhao, Z. Yamani, W. J. L. Buyers, H. A.¢7s
Dabkowska, and B. D. Gaulin. Phys. Rev. B, 77:224410,67
2008. 680
D. S. Ellis, Jungho Kim, Harry Zhang, J. P. Hill, Gendaes
Gu, Seiki Komiya, Yoichi Ando, D. Casa, T. Gog, andes

Young-June Kim. Phys. Rev. B, 83:075120, 2011. 683
M. Fujita, H. Goka, K. Yamada, J. M. Tranquada, andsss
L. P. Regnault. Phys. Rev. B, 70(10):104517, 2004. 685

H. A. Dabkowska and A. B. Dabkowski. “Crystal Growthsss
of Oxides by Optical Floating Zone Technique. Experimen-est
tal Approach to Defects Determination”. Springer Hand-ess
book of Crystal Growth, Defects and Characterization.sso
Springer-Verlag, 2010. 690
D. S. Ellis, J. Kim, J. P. Hill, S. Wakimoto, R. J. Birge-so1
neau, Y. Shvyd’ko, D. Casa, T. Gog, K. Ishii, K. Tkeuchi,eo
A. Paramekanti, and Y.-J. Kim. PRB, 81:085124, 2010. 603
P. Boni, J. D. Axe, G. Shirane, R. J. Birgeneau, D. R.eos
Gabbe, H. P. Jenssen, M. A. Kastner, C. J. Peters, P. J.eos
Picone, and T. R. Thurston. Phys. Rev. B, 38(1):185-194,696

1988. 697
M. A. Kastner, R. J. Birgeneau, G. Shirane, and Y. Endoh.ess
Rev. Mod. Phys., 70:897-928, 1998. 699

B. Keimer, A. Aharony, A. Auerbach, R. J. Birgeneau,o
A. Cassanho, Y. Endoh, R. W. Erwin, M. A. Kastner,a
and G. Shirane. Phys. Rev. B, 45:7430-7435, 1992. 702
Y. Zhao, B. D. Gaulin, J. P. Castellan, J. P. C. Ruff, S. R.703
Dunsiger, G. D. Gu, and H. A. Dabkowska. Phys. Rev. B,
76(18):184121, 2007. 05
S. Katano, J. A. Fernandez-Baca, S. Funahashi, N. Mori,s
Y. Ueda, and K. Koga. Physica C, 214:64 — 72, 1993. 707
Chul-Ho Lee, Kazuyoshi Yamada, Yasuo Endoh, Gen Shi-7s
rane, R. J. Birgeneau, M. A. Kastner, M. Greven, and Y-J.700
Kim. Journal of the Physical Society of Japan, 69(4):1170-710

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

1176, 2000.

D. L. Abernathy, M. B. Stone, M. J. Loguillo, M. S. Lucas,
O. Delaire, X. Tang, J. Y. Y. Lin, and B. Fultz. Review
of Scientific Instruments, 83, 2012.

G. E. Granroth, A. I. Kolesnikov, T. E. Sherline, J. P.
Clancy, K. A. Ross, J. P. C. Ruff, B. D. Gaulin, and S. E.
Nagler. Journal of Physics Conference Series, 251:12058,
2010.

J.R. Haines, T.J. McManamy, T.A. Gabriel, R.E. Battle,
K.K. Chipley, J.A. Crabtree, L.L. Jacobs, D.C. Lousteau,
M.J. Rennich, and B.W. Riemer. Nuclear Instruments
and Methods in Physics Research Section A: Accelera-
tors, Spectrometers, Detectors and Associated Equipment,
764:94, 2014.

M. B. Stone, J. L. Niedziela, D. L. Abernathy, L. DeBeer-
Schmitt, G. Ehlers, O. Garlea, G. E. Granroth, M. Graves-
Brook, A. I. Kolesnikov, A. Podlesnyak, and B. Winn.
Review of Scientific Instruments, 85, 2014.

O. Arnold, J.C. Bilheux, J.M. Borreguero, A. Buts, S.I.
Campbell, L. Chapon, M. Doucet, N. Draper, R. Fer-
raz Leal, M.A. Gigg, V.E. Lynch, A. Markvardsen,
D.J. Mikkelson, R.L. Mikkelson, R. Miller, K. Palmen,
P. Parker, G. Passos, T.G. Perring, P.F. Peterson, S. Ren,
M.A. Reuter, A.T. Savici, J.W. Taylor, R.J. Taylor,
R. Tolchenov, W. Zhou, and J. Zikovsky. Nuclear Instru-
ments and Methods in Physics Research Section A: Accel-
erators, Spectrometers, Detectors and Associated Equip-
ment, 764:156, 2014.

L. Pintschovius, D. Reznik, F. Weber, P. Bourges, D. Par-
shall, R. Mittal, S. L. Chaplot, R. Heid, T. Wolf, and
D. Lamago. arXiw:1404.0522, 2014.

G. Xu, Z. Xu, and J. M. Tranquada. Review of Scientific
Instruments, 84:083906, 2013.

P. A. Lee, N. Nagaosa, and X.-G. Wen. Review of Modern
Physics, 78:17, 2006.

M. Matsuda, G. E. Granroth, M. Fujita, K. Yamada, and
J. M. Tranquada. Phys. Rev. B, 87:054508, 2013.

M. Matsuda, M. Fujita, S. Wakimoto, J. A. Fernandez-
Baca, J. M. Tranquada, and K. Yamada. Phys. Rev. Lett.,
101(19):197001, 2008.

M. Enoki, M. Fujita, T. Nishizaki, S. Iikubo, D. K. Singh,
S. Chang, J. M. Tranquada, and K. Yamada. Phys. Rev.
Lett., 110:017004, 2013.

S. Wakimoto, R. J. Birgeneau, Y. S. Lee, and G. Shirane.
Phys. Rev. B, 63:172501, Mar 2001.

G. L. Squires. “Introduction to the Theory of Thermal
Neutron Scattering”. Dover Publications, 1978.

A. C. Walters, T. G. Perring, J.-S. Caux, A. T. Savici,
G. D. Gu, C.-C. Lee, W. Ku, and I. Zaliznyak. Nature
Physics, 5:867, 2009.

S. Shamoto, M. Sato, J. M. Tranquada, B. J. Sternlieb,
and G. Shirane. Phys. Rev. B, 48:13817, 1993.

J. M. Tranquada. “Neutron Scattering Studies of Antifer-
romagnetic Correlations in Cuprates” in Handbook of High
Temperature Superconductivity, edited by J. R. Schrieffer
and J. S. Brooks. Springer, New York, 2007.

J. Chang, A. P. Schnyder, R. Gilardi, H. M. Rgnnow,
S. Pailhes, N. B. Christensen, Ch. Niedermayer, D. F.
McMorrow, A. Hiess, A. Stunault, M. Enderle, B. Lake,
O. Sobolev, N. Momono, M. Oda, M. Ido, C. Mudry, and
J. Mesot. Phys. Rev. Lett., 98:077004, 2007.



711
712
713
714
715
716

718
719
720

53

54

55

A. T. Rgmer, J. Chang, N. B. Christensen, B. M. Ander-7z
sen, K. Lefmann, L. Mahler, J. Gavilano, R. Gilardi, Ch.722
Niedermayer, H. M. Rgnnow, A. Schneidewind, P. Link,7s
M. Oda, M. Ido, N. Momono, and J. Mesot. Phys. Rev.7

B, 87:144513, 2013. 725
M. Kofu, S.-H. Lee, M. Fujita, H.-J. Kang, H. Eisaki, and7s
K. Yamada. Phys. Rev. Lett., 102:047001, 2009. 727

B. Lake, G. Aeppli, K. N. Clausen, D. F. McMorrow,7s
K. Lefmann, N. E. Hussey, N. Mangkorntong, M. No-720
hara, H. Takagi, T. E. Mason, and A. Scrhoder. Science,rso

731

56

57

10

291(1759), 2001.

B. Vignolle, S.M. Hayden, D.F. McMorrow, H.M. Ron-
now, B. Lake, C.D. Frost, and T.G. Perring. Nature (Lon-
don), pages 163-167, 2007.

O. J. Lipscombe, S. M. Hayden, B. Vignolle, D. F. McMor-
row, and T. G. Perring. Phys. Rev. Lett., 99(6):067002,
2007.

M. D’Astuto, S. Dennis, J. Graf, A. Lanzara, C. Decorse,
G. Paola, S.-W. Cheong, A. Shukla, P. Berthet, D. Lam-
ago, J.-P. Castellan, A. Bossak, and M. Krisch. ArXiv,
arXiv:1502.04003v1.



