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We present time-of-flight neutron-scattering measurements on single crystals of La2−xBaxCuO418

(LBCO) with 0 ≤x≤ 0.095 and La2−xSrxCuO4 (LSCO) with x = 0.08 and 0.11. This range of19

dopings spans much of the phase diagram relevant to high temperature cuprate superconductivity,20

ranging from insulating, three dimensional (3D) commensurate long range antiferromagnetic order,21

for x ≤ 0.02, to two dimensional (2D) incommensurate antiferromagnetism co-existing with super-22

conductivity for x ≥ 0.05. Previous work on lightly doped LBCO with x = 0.035 showed a clear23

enhancement of the inelastic scattering coincident with the low energy crossings of the highly dis-24

persive spin excitations and quasi-2D optic phonons. The present work extends these measurements25

across the phase diagram and shows this enhancement to be a common feature to this family of26

layered quantum magnets. Furthermore we show that the low temperature, low energy magnetic27

spectral weight is substantially larger for samples with non-superconducting ground states relative to28

any of the samples with superconducting ground states. Spin gaps, suppression of low energy mag-29

netic spectral weight as a function of decreasing temperature, are observed in both superconducting30

LBCO and LSCO samples, consistent with previous observations for superconducting LSCO.31

I. INTRODUCTION32

There are several important similarities between dif-33

ferent families of high temperature superconductors,34

which can also be common to certain low temperature35

superconductors1. The most striking of these is the prox-36

imity of magnetism to superconducting ground states.37

Interestingly, the contiguous nature of these two ordered38

states has driven speculation that the two orders com-39

pete with each other, and also that magnetism may be40

intimately involved in the mechanism for Cooper pair41

formation in cuprate, iron-based, heavy fermion and or-42

ganic superconductors2–8.43

The 214 family of cuprate superconductors is the44

original family of high temperature superconductors to45

be discovered9. Both La2−xBaxCuO4 (LBCO) and46

La2−xSrxCuO4 (LSCO) are relatively easy to grow47

as large single crystals, although the growth of the48

La2−xSrxCuO4 branch of the family is easier at higher49

x. As a result, this system has been extensively stud-50

ied by techniques that require large single crystals, such51

as inelastic neutron scattering10. However, advances in52

neutron scattering itself, and especially in time-of-flight53

neutron scattering at spallation neutron sources, have54

made it timely to revisit the spin and phonon dynamics55

in these systems, wherein sample rotation methods have56

allowed for the collection of comprehensive four dimen-57

sional data sets spanning Q and h̄ω11.58

Both LBCO and LSCO lose their three dimensional59

commensurate (3D C) antiferromagnetic (AF) order on60

doping with holes at finite x12,13. This occurs at x = 0.0261

in both LSCO and LBCO. Quasi-two dimensional (2D)62

incommensurate short range frozen order replaces 3D C63

AF, with the onset of 2D order occuring at much lower64

temperatures, ∼ 25 K, for x ≥ 0.02. As a function of65

increased doping, x, the wave-vector characterizing the66

2D IC magnetism increases, consistent with the stripe67

picture introduced by Tranquada and co-workers14. Re-68

markably, the IC wave-vector rotates by 45 degrees, from69

so-called diagonal to parallel stripes at a doping level70

that is co-incident with the onset of a superconducting71

ground state, x = 0.05 in both LBCO and LSCO15,16.72

Independent of whether the AF order is C or IC,73

the quasi-2D spin excitations are known to be centered74

on two dimensional magnetic zone centers (2DMZCs),75

which are wave-vectors of the form ( 1
2 ,

1
2 , L), and equiva-76

lent wave-vectors. This notation implies a pseudotetrag-77
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onal unit cell that is consistent with the relatively small78

orthorhombicity present in these materials17–20. The79

quasi-2D spin excitations are also known to be highly80

dispersive and to extend to energies ∼ 200 - 300 meV81

depending on the precise level of doping21–24. Recent82

time-of-flight neutron scattering on lightly doped, x =83

0.035, non-superconducting LBCO has revealed very in-84

teresting enhancement of the magnetic spectral weight85

as a function of energy, that is co-incident with the86

low energy crossings of the highly dispersive spin excita-87

tions with weakly dispersive optic phonons20. The op-88

tic phonon most strongly associated with this enhance-89

ment, at ∼ 19 meV, could be identified with a breath-90

ing mode of (mostly) the oxygen ions within the CuO291

planes. This phonon eigenvector is both quasi-2D itself,92

and is expected to couple strongly to the magnetism, as93

its displacements flex the main Cu-O-Cu superexchange94

pathway within the ab plane.95

In this paper, we extend these and related time-of-96

flight neutron scattering measurements to other dopings97

in the LBCO and LSCO family, including several sam-98

ples with sufficiently high doping to have superconduct-99

ing ground states. These results show that the same100

phenomenology of enhancement of the magnetic spec-101

tral weight at the low energy crossings of the very dis-102

persive spin excitations with the weakly dispersive optic103

phonons, primarily at ∼ 15 and 19 meV, is a common104

feature across the phase diagram studied, from x = 0105

to x = 0.11. We further show a common form for the106

energy dependence of χ′′(Q, h̄ω) across this series at low107

temperatures, with non-superconducting samples show-108

ing greater weight at relatively low energies only, com-109

pared with samples with superconducting ground states.110

We also present evidence for a suppression of the low111

energy magnetic scattering within the superconducting112

ground state relative to the same scattering within the113

higher temperature normal state for both LBCO and114

LSCO. We interpret these results as the formation of115

superconducting spin gaps, consistent with previous re-116

ports for LSCO.117

II. EXPERIMENTAL DETAILS118

High-quality single crystals of La2−x(Sr,Ba)xCuO4119

were grown by floating zone image furnace techniques120

using a four-mirror optical furnace15,25,26. The growths121

followed the protocols already reported for the non-122

superconducting samples27–29.123

LBCO samples at low doping, x ≤ 0.05, such that124

they possess non-superconducting ground states, dis-125

play orthorhombic crystal structures with space group126

Bmab30,31 at all temperatures measured in these ex-127

periments. At higher doping, x > 0.05, such that128

both LBCO and LSCO samples possess superconducting129

ground states, both orthorhombic and tetragonal crys-130

tal structures are observed over the temperature ranges131

measured32,33. Despite this complexity in the structure132

of the materials studied, the distinction between the a133

and b lattice parameters within the orthorhombic struc-134

tures is small, and in light of the relatively low Q reso-135

lution of our measurements, we choose to approximate136

all of these crystal structures by the high temperature137

I4/mmm tetragonal structure that is displayed by the138

parent compound, La2CuO4. We will therefore adopt139

the tetragonal notation for all our samples at all temper-140

atures measured34,35 in this study. All crystal structures141

within these families are layered which gives rise to quasi-142

two dimensional magnetism over most of the phase dia-143

gram. Consequently, magnetic zone centers are centered144

around equivalent ( 1
2 ,

1
2 , L) tetragonal wave-vectors, and145

appear extended along L. We will refer to these lines in146

reciprocal space as two dimensional magnetic zone cen-147

ters (2DMZCs), and much of our focus in this paper will148

be on these features within reciprocal space.149

Neutron scattering measurements were performed us-150

ing the ARCS and SEQUOIA time-of-flight chopper151

spectrometers, which are both located at the Spallation152

Neutron Source at Oak Ridge National Laboratory36,37.153

Both are direct geometry chopper instruments and use154

the same ambient temperature moderator for their in-155

cident neutrons38. The single crystal samples, each of156

approximate mass 7 grams, were mounted in closed cy-157

cle refrigerators allowing measurements to probe the ap-158

proximate temperature range from 5 to 300 K with a159

temperature stability of ∼ 0.1 K. All measurements were160

performed with single crystal samples aligned such that161

their HHL scattering plane was horizontal. We em-162

ployed Ei = 60 meV incident energy neutrons for all163

measurements shown and employed single crystal sam-164

ple rotation about a vertical axis. By coupling this sin-165

gle crystal sample rotation experimental protocol with166

the large, two dimensional detector arrays of ARCS and167

SEQUOIA, we obtained comprehensive four-dimensional168

master data sets in each experiment (3 Q and 1 energy169

dimensions), which we can project into different scatter-170

ing planes by appropriate integrations of the data.171

SEQUOIA was used to measure the x = 0 and 0.05172

LBCO samples. In these measurements, we employed173

SEQUOIA’s 700 meV high flux chopper to select the inci-174

dent neutron energy, 60 meV, resulting in an energy res-175

olution at the elastic position of ∼ 1 meV, and a momen-176

tum resolution of ∼ 0.03 Å−1. Measurements swept out177

141 degrees of single crystal sample rotation, collected in178

1 degree steps. Measurements at ARCS were performed179

on the LBCO x = 0.035 and 0.095 and both LSCO sam-180

ples. Here we employed ARCS’ 100 meV chopper39 to181

select Ei = 60 meV, and again the resulting energy res-182

olution was ∼ 1 meV at the elastic position, and the183

momentum resolution was ∼ 0.01 Å−1. These measure-184

ments swept out 140 degrees of single crystal sample ro-185

tation in one degree steps. All data reduction and anal-186
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FIG. 1. Energy vs. HH maps for all samples measured, as
labeled. The data shown employs the subtraction of an empty
can data set20,41, integration from -0.1 to 0.1 in < HH̄ > and
-4 to 4 in < L >. The vertical rod shaped features, emanating
from ( 1

2
, 1
2
) positions are the dispersive magnetic excitations.

All data have been normalized to be on the same absolute
intensity scale as described in the text.

ysis for this work were carried out using Mantid40 and187

Horace11, as appropriate.188

III. CONTOUR MAPS OF THE SCATTERED189

NEUTRON INTENSITY190

Our time-of-flight neutron data sets span all four di-191

mensions of energy-reciprocal space. As a result, in order192

to view projections of the scattering in different scat-193

tering planes, we must integrate about out-of-plane di-194

rections, as appropriate. Scattering planes, or so-called195

slices, are obtained by integrating the master data set196

about two out-of-plane directions. Constant-energy or197

constant-Q cuts are obtained by integration of the mas-198

ter data set about three directions20.199

We first present energy vs. HH maps of the scatter-200

ing for all the single crystals measured at base cryostat201

temperature, which are between 5 and 7 K. These maps202

are obtained by integrating from -0.1 to 0.1 in HH̄ and203

from -4 to 4 in L, and are presented in Fig. 1 for all of204

our LBCO and LSCO samples, as labeled. We have also205

normalized each data set to the same absolute, but oth-206

erwise arbitrary, intensity scale by using a combination207

of normalization to incoherent elastic scattering and/or208

low energy acoustic phonon scattering at 6 meV, near209

the (0 0 16) Bragg peak42.210

From Fig. 1 we see several common features for all the211

samples. The most salient feature is the highly disper-212

sive rod-shaped inelastic scattering that emanates from213

both of Q = (± 1
2 ,±

1
2 , L). These rods of inelastic scat-214

tering are the highly dispersive spin excitations. One215

notes a small drop off in this magnetic inelastic inten-216

sity with increased doping, although the LBCO x = 0217

magnetic scattering appears weak due the effects of ex-218

perimental resolution and signal integration. Nonethe-219

less this is a relatively weak effect and the overall mag-220

netic spectral weight at energies less than ∼ 40 meV is221

not significantly diminished for doping levels out to x222

∼ 0.11. In addition, an increase in the breadth of the223

magnetic scattering along Q is observed, which is con-224

sistent with a linear doping dependence of the incom-225

mensurate splitting of the magnetic excitations. Such226

a doping dependence is known to describe the incom-227

mensuration of the 2DMZCs43. It should be noted that228

the inelastic magnetic scattering is understood to exhibit229

an hour-glass shaped dispersion44,45. However, our rel-230

atively low Q resolution measurement is not sensitive231

to such hour-glass features. Instead, the magnetic scat-232

tering appears as dispersive rods emanating from the233

2DMZCs. The incommensurate nature of the inelastic234

scattering is pronounced and obvious in Fig. 1 for all of235

the samples with superconducting ground states, which236

are those with x > 0.05. Several clear phonon branches237

can also be seen within this field of view. These are238

the quasi-2D phonons common to all of these materi-239

als, as previously discussed20. As we are employing a240

rather large integration in L (± 4), we expect that three241

dimensional features will be averaged out by such an in-242

tegration, while 2D features that are dispersionless along243

L, will appear more clearly in such a plot.244

Common to all six maps in Fig. 1 is the strong en-245

hancement of the inelastic scattering seen at the cross-246

ings of the dispersive spin excitations with the rela-247

tively dispersionless optic phonons near 15 meV and248

19 meV. This enhancement has been previously dis-249

cussed for the LBCO x = 0.035 sample20. Here we see250

a remarkably consistent behavior as a function of dop-251

ing, for systems with both superconducting and non-252

superconducting ground states, and for both LBCO and253

LSCO. The enhanced inelastic scattering increases in254

breadth along < HH0 > for increased x and a similar255

increase in breadth is also observed for the lower energy256

scattering. As the incommensuration of the purely mag-257

netic scattering in this system is expected to increase258

roughly linearly with x19, we interpret these broaden-259

ing as a function of x as the result of the increasing260

incommensuration with x. Consequently, the increased261

breadth of the enhanced scattering at the spin-phonon262

crossings arise from the increased incommensuration of263

the magnetic inelastic scattering emanating from the264

2DMZCs.265

We now turn to constant energy slices of theHK plane266

in Fig. 2. To obtain this projection, we again integrate267
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FIG. 2. Maps of the scattering in the HK plane for all sam-
ples measured, as labeled. The data shown employs inte-
gration from -4 to 4 in < L > and ± 1 meV in energy, as
labeled. Data have been normalized separately, as described
in the text.

from -4 to 4 in L but now integrate by± 1 meV in energy.268

We have done this for all six data sets shown at two en-269

ergies - 7 meV, an energy at which the scattering at the270

lowest |Q| 2DMZCs is almost entirely comprised of mag-271

netic scattering, and 19 meV, the energy for which the272

optic phonons in the 214 cuprates are quasi-2D in nature273

and where the enhanced scattered intensity is maximal.274

Here, we do not normalize each data set to a single ab-275

solute, arbitrary intensity scale. Instead, we normalize276

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 < HH̄ > and ± 1 meV about 19 meV.
Data have been normalized to the same absolute, arbitrary
scale.

each data set such that their respective intensity scales277

at 7 meV appear qualitatively similar, and we then em-278

ploy the same normalization for the corresponding 19279

meV data sets.280

Consider first the left column of Fig. 2. This shows the281

7 meV data for all six samples measured. At this energy,282

there are no crossings of phonons with the spin excita-283

tions at the 2DMZCs. At the lowest |Q| 2DMZC we ex-284

pect minimal contributions from phonon scattering such285

that the scattered intensity is magnetic in origin. The ex-286

tent of the scattering within theHK plane increases with287

doping, x, although it is most noticeable for x > 0.05.288

We also note that the ratio of the magnetic scattering289

around the 2DMZC to the nearby background scatter-290

ing, which is comprised of phonon scattering, decreases291

as a function of x, albeit only slowly. Some decrease292

in the magnetic scattering with increased x is expected,293

as magnetic moments are being removed from the sam-294

ples. Such an effect should appear at least linearly with295

x18,46,47. Nonetheless, this data, and those shown in Fig.296

1, make it clear that significant dynamic magnetic spec-297

tral weight is present well into the La2−x(Sr,Ba)xCuO4298

phase diagram, and clearly coexists with superconduc-299

tivity.300
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FIG. 4. Constant-energy cuts along the (− 1
2
,− 1

2
) 2DZMC

plotted at all measured temperatures for all samples. All data
shown were integrated from -4 to 4 in L, -0.1 to 0.1 in HH̄
and -0.6 to -0.4 in HH. The data has been normalized to the
same absolute intensity scale, corrected for the Bose factor
and employs a subtraction of a Q and energy independent
background, as described in the text. Error bars represent
one standard deviation.

Turning to the HK slices at 19 meV, shown in the301

right column of Fig. 2, we see similar trends to those302

seen at 7 meV. We find that the extent of the scatter-303

ing within the HK plane increases with doping in much304

the same way as is observed at 7 meV, and the relative305

strength of the scattering at 19 meV compared with 7306

meV appears to increase with x.307

Figure 3 focuses on this 19 meV scattering by pro-308

jecting our 4 dimensional master data set into the HHL309

scattering plane. In this figure, we again normalize us-310

ing an absolute, arbitrary intensity scale. We clearly see311

isotropic rods of scattering that extend along L for the312

2DMZCs of the form ( 1
2 ,

1
2 , L). Such rods of scattering313

are indicative of the 2D nature of the enhancements seen314

in Fig. 1. We clearly identify the increasing extent of315

the rods of scattering in the HH direction with x, and316

see that this occurs along the full rod of scattering along317

L.318

IV. ANALYSIS AND DISCUSSION319

Taken together, Figs. 1-3 show similar enhancement320

features in the 15-20 meV regime across the underdoped321

region of the 214 cuprate phase diagram, out to almost322

x = 1
8 . We now focus on a quantitative analysis of323

the energy dependence of the spectral weight emanating324

from the 2DMZCs and the enhancement of this spectral325

weight coincident with crossings of the spin excitations326

and low-lying optic phonons, as previously reported for327

LBCO with x = 0.03520. We then convert our mea-328

sured S(Q,h̄ω) to the imaginary part of the susceptibil-329

ity, or χ′′(Q, h̄ω)20. The relationship between S(Q,h̄ω)330

and χ′′(Q, h̄ω) is given by the Bose factor48:331

S(Q, ω, T ) = [n(h̄ω) + 1)]× χ′′(Q, ω, T ) (1)

where332

[n(h̄ω) + 1)] =
1

1− e−
h̄ω

kBT

(2)

To compare the dynamic susceptibility appropriately,333

one must remove background contributions to the scat-334

tered intensity. We employ the same form of back-335

ground subtraction as was previously used for LBCO,336

x = 0.03520. For each sample, we first employ an inte-337

gration from -4 to 4 in L and -0.1 to 0.1 in H̄H. From338

there, we further integrate in HH from ± 0.2 to ± 0.4339

and ± 0.6 to ± 0.8 in HH to give us a measure of the340

background away from the 2DMZCs but bounded by the341

nearby acoustic phonon, as can be seen in Fig. 1 for all342

of our data sets. Having accounted for the experimental343

background, we remove the Bose factor from our data344

and normalize our data sets to an absolute scale. We345
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FIG. 5. Constant-energy cuts along the (− 1
2
,− 1

2
) 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 H̄H, 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 of346

the Q-integrated (around the 2DMZC) χ′′(Q, ω, T ) as a347

function of doping, x in Figs. 4, 5 and 6.348

We focus on the lowest |Q| 2DMZC Q = (− 1
2 ,−

1
2 )349

position, and employ a relatively wide integration in L,350

from -4 to 4, so as to effectively capture the quasi-2D351

scattering. We also compare data sets taken on ARCS352

only, as there are four such data sets that span the key353

range of the 214 cuprate phase diagram, and these allow354

us the most “like-with-like” comparison of our data sets.355

Figure 4 shows the integrated dynamic susceptibility,356

χ′′(Q, h̄ω), for all four samples measured on ARCS and357

at all temperatures investigated. These are all of our358

samples with superconducting ground states and one359

sample with a non-superconducting ground state (LBCO360

x = 0.035). All of these data sets show very similar tem-361

perature behavior above ∼ 10 meV. We find that the362

effects of temperature do not significantly affect the scat-363

tering above 10 meV until the temperature reaches on364

the order of 300 K. At 300 K χ′′(Q, h̄ω) is noticeably365

reduced especially below ∼ 15 meV. The bottom three366

panels of Fig. 4 all show the integrated dynamic sus-367

ceptibility χ′′(Q, h̄ω) for underdoped LBCO and LSCO368

samples with superconducting ground states. In addi-369

tion these plots all show data sets at T = 5 K, which370

is well below each sample’s respective superconducting371

TC , and at T = 35 K or 40 K, which are around 5 K372

above each sample’s respective TC .373

Figure 5 shows the integrated dynamic susceptibil-374

ity, χ′′(Q, h̄ω) at low temperatures for all four samples375

shown in Fig. 4, but now overlaid such that the similari-376

ties and differences between low temperature χ′′(Q, h̄ω)377

as a function of doping, x, can be explicitly seen. Nor-378

malizing the χ′′(Q, h̄ω) to agree at all dopings in the379

enhancement energy regime, 15 - 20 meV, we see that380

FIG. 6. |Q|2 normalized integrated χ′′(h̄ω,Q) for all ARCS
data sets, as described in the text. A narrow L integra-
tion of -0.5 to 0.5 and ±0.1 in both HH and H̄H about
the (− 1

2
,− 1

2
, 0) and (− 5

2
,− 5

2
, 0) 2DMZCs is employed for all

samples measured. Closed symbol data sets correspond to
data from Q = (− 1

2
,− 1

2
), while open symbol data sets corre-

spond to data from Q = (− 5
2
,− 5

2
). Error bars represent one

standard deviation.

the integrated dynamic susceptibility, χ′′(Q, h̄ω) at low381

temperatures agree in detail remarkably well at all en-382

ergies from ∼ 10 meV to 25 meV, for the LBCO and383

LSCO samples with superconducting ground states, x384

= 0.08, 0.095 and 0.11. The LBCO sample with a385

non-superconducting ground state, x = 0.035, agrees386

with the other samples very well above ∼ 12 meV, but387

shows enhanced magnetic spectral weight at energies be-388

low ∼ 12 meV. The integrated dynamic susceptibility,389

χ′′(Q, h̄ω) at low temperatures is very similar for un-390

derdoped LBCO and LSCO at all doping levels mea-391

sured, with the proviso that there is enhanced low en-392

ergy (< 12 meV) magnetic spectral weight for the non-393

superconducting x = 0.035 sample.394

The quantitative agreement between the integrated395

dynamic susceptibility, χ′′(Q, h̄ω) at low temperatures396

and below ∼ 35 meV across over such a large range of397

doping in both LBCO and LSCO is remarkable. Com-398

bined with the earlier observation from Figs. 1-3 that the399

breadth in Q of the enhancements track with the incom-400

mensuration about the 2DMZC, while staying centred401

on the energies of the low lying optic phonons, we are402

led to an interpretation of the enhancement that depends403

on both the spin and phonon degrees of freedom. Such404

an effect would likely involve a hybridization of quasi-2D405

spin degrees of freedom with optic phonons, as opposed406

to a solely magnetic origin.407

As was done previously for LBCO x = 0.03520, we can408

compare the strength and form of χ′′(Q, h̄ω) as a func-409

tion of Q at 2DMZCs for which the nuclear structure410
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FIG. 7. Left Column: Integrated χ′′(Q, h̄ω) 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
HH̄ and from -0.6 to -0.4 in HH. Only a Q and energy inde-
pendent background has been subtracted from the data set.
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 the
same sample (in the right or left column) employ the same
arbitrary intensity scale. Error bars represent one standard
deviation.

factor is identical (within the I4/mmm space group).411

The structure factors are identical at wave vectors of412

the form (H
2 ,

H
2 , 0) and in Fig. 6, we compare χ′′(Q, h̄ω)413

integrated around the (− 1
2 ,−

1
2 , 0) and (− 5

2 ,−
5
2 , 0) wave-414

vectors. For this comparison we employ a relatively nar-415

row integration in L about L = 0, from -0.5 to 0.5. We416

observe the same large enhancements to χ′′(Q, h̄ω) near417

15 meV and 19 meV around (− 1
2 ,−

1
2 , 0) as were seen in418

Figs. 4 and 5. To simplify the comparison, we have also419

fit and removed a 1
Energy dependence from the low |Q|420

data set. This phenomenologically removes low-Q mag-421

netic scattering contributions. We note that it is well422

known that such a simple model fails to capture the full423

complexity of the energy dependence of the magnetic424

scattering49,50, but we find that the resulting fit cap-425

tures our measurements well. Were this enhancement426

due solely to phonons, the resultant curves would all427

scale as |Q|2. We have scaled the measured χ′′(Q, h̄ω)428

by |Q|2 in Fig. 6, and clearly the |Q|2 scaled χ′′(Q, h̄ω)429

is much stronger near (− 1
2 ,−

1
2 , 0) than near (− 5

2 ,−
5
2 , 0).430

This eliminates the possibility that the enhancement is431

due to phonons alone, or due to a simple superposition432

of phonons and spin excitations whose spectral weight433

monotonically decreases with energy. Fig. 6 shows that434

such a conclusion follows for all concentrations of LBCO435

and LSCO studied.436

Finally, we address the issue of whether or not a spin437

gap, a suppression in the magnetic spectral weight at438

low energies, occurs in underdoped LBCO and LSCO on439

reducing temperature and entering the superconducting440

state. As can be seen in Fig. 4, the presence of a spin441

gap will be a subtle effect. As the magnetic scattering442

is quasi-2D, we perform a similar analysis to that which443

produced Figs. 4 and 5, using a large integration in L444

from -4 to 4 to better capture the quasi-2D magnetic445

scattering. The resulting integrated dynamic suscepti-446

bility, χ′′(Q, h̄ω) is shown in Fig. 7 for our three samples447

with superconducting ground states, for energies below448

∼ 10 meV, and for temperatures just above (35 K or 40449

K) and well below (5 K), each sample’s superconduct-450

ing TC . Data in the left hand column of Fig. 7 shows451

the integrated dynamic susceptibility, χ′′(Q, h̄ω) for the452

three crystals, while that in the right hand column of453

Fig. 7 shows the corresponding difference in integrated454

dynamic susceptibility between the superconducting (T455

= 5 K) and normal states (T = 35 K or 40 K).456

In this context, a spin gap is identified as excess inte-457

grated dynamic susceptibility, χ′′(Q, h̄ω), occurring at458

low energies in the higher temperature normal state,459

as compared to the lower temperature superconducting460

state. While the effect of the spin gap is subtle, our461

data is consistent with a spin gap of ∼ 8 meV for x =462

0.11, with no spin gap observed for x = 0.08. Presum-463

ably, the spin gap energy should fall to zero at the low464

x onset of superconductivity in these families, which is465

x = 0.05. We note that the superconducting spin gap466

we observe in LBCO x = 0.095 is similar to that dis-467

played in LSCO x = 0.11. Our results show consistency468

between the LBCO and LSCO families, as expected as469

their physical properties are so similar. The observation470

of a spin gap in LBCO resolves a long-standing puzzle471

that LBCO had not previously shown a spin gap, while472

LSCO had51. For LSCO x = 0.11, reports of spin gaps473

for samples with similar dopings are lower than what we474

find here52–54. It is perhaps noteworthy that the TC of475

our LSCO x = 0.11 sample is comparable to those re-476

ported for other LSCO samples with higher x, namely477

x = 0.1454 and 0.16355, and the spin gaps reported for478

these materials are comparable to those we report for479

our LSCO x = 0.11 sample. Additionally, we do not ob-480

serve any evidence for two gap physics, as reported in481

references 54-56 for LSCO with x = 0.105, 0.12 or 0.125,482

respectively. This leads us to conclude that the observed483

spin gap in our LSCO x = 0.11 sample is comparable to484

materials of similar TC . While there does not appear485

to be a gap in the presented LSCO x = 0.08 data, we486

believe this to be a result of the spin gap energy being487
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below 2 meV.488

V. CONCLUSIONS489

We have carried out comprehensive inelastic neutron490

scattering measurements using single crystal sample ro-491

tation and time of flight techniques on samples of the492

underdoped 214 cuprate superconductors, LBCO and493

LSCO, for doping levels between x = 0 and x = 0.11.494

All of these samples show an enhancement of the inelas-495

tic spectral weight at 2DMZCs and at energies which496

correspond to crossings of the highly dispersive spin ex-497

citations with weakly dispersive optic phonons. These498

results are quantitatively similar to those previously re-499

ported for non-superconducting LBCO with x = 0.03520,500

but which are now extended well into the superconduct-501

ing part of the LBCO and LSCO phase diagrams. This502

enhancement is therefore a generic property of these fam-503

ilies of quasi two dimensional, single layer copper oxides.504

While it is possible that the enhanced spectral weight505

as a function of energy at 2DMZCs is a purely mag-506

netic effect, as was postulated earlier for LSCO with x507

= 0.085 and 0.01656,57, its occurence at the confluence508

in Q and energy of dispersive spin excitations with op-509

tic phonons, and its doping independence, at least for510

x < 0.12, makes a hybridized spin-phonon origin much511

more plausible. Furthermore, the eigenvector of the ∼ 19512

meV optic phonon for which this enhancement is largest513

is known to be a quasi-two dimensional oxygen breath-514

ing mode, with ionic displacements primarily within the515

CuO2 planes, as reported previously for LBCO with x =516

0.035. Such an eigenvector flexes the Cu-O bonds most517

responsible for strong antiferromagnetic superexchange,518

and such a phonon would be expected to couple strongly519

to magnetism in LBCO and LSCO.520

If the requirements for this enhancement are indeed521

dispersive spin excitations and quasi-two dimensional522

optic phonons capable of coupling strongly to the spin523

degrees of freedom, then we do expect this behavior to524

persist across the copper oxide phase diagram, to sam-525

ples with superconducting ground states, as we are re-526

porting. This opens up the very real possibility that527

such an enhancement should exist in other families of528

high TC oxides58, and the more speculative possibility529

that such a hybridized spin-phonon excitation plays a530

role in superconducting pairing.531

We further show that the quantitative form of the532

low temperature, integrated dynamic susceptibility,533

χ′′(Q, h̄ω) at the 2DMZC is very similar as a function534

of doping, at least out to x = 0.11 in both LBCO and535

LSCO. The main changes that occur on doping is the536

suppression of magnetic spectral weight for energies less537

than ∼ 12 meV at low, non-superconducting dopings538

compared with higher, superconducting dopings and the539

development of a superconducting spin gap for x > 0.05540

for both LBCO and LSCO.541
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