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We use inelastic neutron scattering to study the temperature dependence of the spin excitations of a de-
twinned superconducting YBa2Cu3O6.45 �Tc=48 K�. In contrast to earlier work on YBa2Cu3O6.5 �Tc=58 K�,
where the prominent features in the magnetic spectra consist of a sharp collective magnetic excitation termed
“resonance” and a large ����15 meV� superconducting spin gap, we find that the spin excitations in
YBa2Cu3O6.45 are gapless and have a much broader resonance. Our detailed mapping of magnetic scattering
along the a* /b*-axis directions at different energies reveals that spin excitations are unisotropic and consistent
with the “hourglasslike” dispersion along the a*-axis direction near the resonance, but they are isotropic at
lower energies. Since a fundamental change in the low-temperature normal state of YBa2Cu3O6+y when
superconductivity is suppressed takes place at y�0.5 with a metal-to-insulator crossover �MIC�, where the
ground state transforms from a metallic to an insulatinglike phase, our results suggest a clear connection
between the large change in spin excitations and the MIC. The resonance therefore is a fundamental feature of
metallic ground state superconductors and a consequence of high-Tc superconductivity.

DOI: 10.1103/PhysRevB.77.014523 PACS number�s�: 74.20.Mn, 71.30.�h, 74.72.Bk

I. INTRODUCTION

The parent compounds of the high-transition temperature
�high-Tc� copper oxides are Mott insulators characterized by
a very strong antiferromagnetic �AF� exchange in the CuO2
planes and static long-range AF order.1–3 When holes or elec-
trons are doped into the CuO2 planes, the character of the
ground state is fundamentally altered from a Mott insulator
with static AF order to a superconductor with persistent
short-range AF spin correlations �excitations�. If spin excita-
tions are important to the mechanism of superconductivity,
they should have universal features for different classes of
high-Tc materials and be intimately related to their charge
transport properties.

For YBa2Cu3O6+y �YBCO� with y�0.5, the prominent
features in spin fluctuations spectra at the superconducting
state include a collective magnetic excitation known as the
“resonance” mode, which is sharp in energy and centered at
the AF ordering wave vector Q= �1 /2,1 /2�, and a supercon-
ducting spin gap.4–11 The magnetic excitation spectra show
an “hourglass-like” dispersion with the resonance at the
saddle point.9–11 The energies of the mode �ER� and the spin
gap �Egap� track Tc’s as y are varied, and the opening of the
spin gap below Tc is compensated in part by the spectral
weight gain of the resonance.4,5,7–10 In the case of optimally
doped La2−xSrxCuO4 �LSCO�, inelastic neutron scattering
measurements reveal that spin excitations also display an
hourglass dispersion with a spin gap and incommensurate
spin excitations at energies above the spin gap gaining inten-
sity below Tc.

4,5,12,13 Although such behavior is remarkably

similar to those of optimally doped YBCO and thus suggests
a common microscopic origin,4,5 the situation in the under-
doped YBCO and LSCO differs quite dramatically. For
deeply underdoped YBa2Cu3O6.353 �Tc=18 K�, the spin ex-
citations spectra become gapless and resonance-less; how-
ever, they are dominated by commensurate spin excitations
and a central diffusive mode associated with a spin-glass
phase.14–16 On the other hand, spin excitations in the under-
doped La1.875Ba0.125CuO4 are also gapless and resonanceless
but display an hourglass dispersion with incommensurate
scattering extending to zero energy.5,17,18 For underdoped su-
perconducting LSCO �0.055�x�0.125�, spin excitations
have clear incommensurability down to the lowest doping of
0.055 and behave similarly as those for La1.875Ba0.125CuO4.19

Since the resonance appears to be ubiquitous amongst differ-
ent classes of nearly optimally doped superconducting cop-
per oxides,20–23 it is important to determine its doping evo-
lution as the mode may be essential to the mechanism of
high-Tc superconductivity.24–26 The availability of high qual-
ity single crystals of YBCO makes this an ideal system for
this study.

To understand the microscopic origin of the differences
between YBCO and LSCO, we note that although supercon-
ductivity in doped copper oxides first appears when the hole-
doping level �x in the case of LSCO� exceeds the critical
value of 0.055, a fundamental change in the ground state of
these materials in the absence of superconductivity actually
takes place at much higher doping levels with a metal-to-
insulator �MIC� crossover, where the insulating phase under
high magnetic fields shows a log�1 /T� divergence in
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resistivity.27 The MIC happens in the underdoped regime for
YBCO around y=0.5,28,29 while it occurs near optimal dop-
ing for LSCO �x�0.16�.27 If spin excitations are important
in determining the charge transport properties of doped cop-
per oxides, they might respond to the changes in the elec-
tronic correlations across the MIC.

To test this idea, we judiciously prepared an underdoped
YBa2Cu3O6.45 �Tc=48 K, Fig. 1�a�� just below the MIC. Al-
though previous work6,8 have suggested that the spin gap
approaches zero for YBCO with y less than about 0.5, it is
unclear that such effect is due to oxygen-doping inhomoge-
neity in the underdoped regime or associated with a MIC
because the difficulty in preparing high quality underdoped
single crystals with uniform oxygen concentration and sharp
Tc. Compared to previous work on YBa2Cu3O6.5,

10 which
has a well-defined sharp resonance and a large ���
�15 meV� superconducting spin gap, our sample has
slightly less oxygen content and is in the insulating phase of
the MIC. Our inelastic neutron scattering experiments show
that the three key features of the excitations spectra: the spin
gap, resonance, and hourglass dispersion in YBa2Cu3O6.45
are all dramatically different from those in YBa2Cu3O6.5.

10

Since the MIC for YBCO also occurs near y=0.5, our results
thus reveal a clear connection between the quantum spin ex-
citations and the charge transport properties.

II. EXPERIMENT

For our experiments, we used a solute-rich liquid pulling
method to grow a large pure YBCO crystal. Compared to the
earlier well-studied melt-textured bulk YBCO samples,
which contain a significant amount of randomly oriented
“green phase” �Y2BaCuO5� as an impurity phase,8 these new
samples are green-phase-free and have no observable impu-
rity phases. The crystal was cut into four pieces with a total
mass of 6 g and the oxygen content was set to y=0.45 at one
atmosphere with 0.5% oxygen partial pressure at 550 °C for
5 days. The samples were mechanically detwinned at 220 °C
and then annealed in sealed tube at 90 °C for more than
3 weeks to achieve an ordered oxygen state.

Figure 1�a� plots the magnetic susceptibility of one of the
samples showing an onset Tc of 48 K. Based on the empiri-
cal Tc vs oxygen doping plot,30 we estimate that the sample’s
oxygen content is y=0.45. The inset of Fig. 1�a� shows wave
vector scans through �2,0,0� and �0,2,0� Bragg peaks and by
fitting these with two Gaussians, we determine the detwin-
ning ratio of 85%. This estimated detwinning ratio can also
be checked by intensities of copper oxygen chain �CuO� or-
dering Bragg peaks. Although the oxygen content is lower
than 6.5, the copper oxygen chains can still form the ortho-II
superstructure.31 Figure 1�b� shows ortho-II superlattice
peaks at �1 /2,0 ,0� and �0,1 /2,0� and the intensity ratio
between these two peaks confirms the 85% detwinning ratio.

Since our sample has identical ortho-II CuO chain order-
ing as that of YBa2Cu3O6.5 but with �10 K lower Tc,

10 a
determination of how the sharp resonance and the large su-
perconducting spin gap in YBa2Cu3O6.5 evolve as the system
is tuned to YBa2Cu3O6.45 would reveal the evolution of the
intrinsic electronic properties across the MIC without com-
plications from changes in the CuO chain anisotropy. For this
purpose, we used inelastic neutron scattering experiments to
map out the magnetic scattering function, S�Q ,��, and then
obtain the imaginary part of the dynamic susceptibility,
���Q ,��=S�Q ,���1−e−��/kBT�, over a range of energies �0
����40 meV� on YBa2Cu3O6.45 below and above Tc.

The low energy spin excitations were carried out on the
cold triple-axis spectrometer SPINS at the NIST Center for
Neutron Research �NCNR� with a fixed final neutron energy
Ef =5 meV and a cold Be filter before the analyzer. The col-
limations are 60�-open-sample-80�-open. To study the spin
fluctuations at higher energies, we used thermal triple-axis
spectrometer C5 at the Canadian Neutron Beam Centre at
Chalk River Labs with Ef =14.7 meV. The collimation for
studying resonance and spin dispersion are 30�-48�-sample-
51�-144� and 30�-28.6�-sample-33.4�-144�, respectively. We
denote positions in momentum space using Q= �H ,K ,L� in
reciprocal lattice units �r.l.u.� in which Q �Å−1�
= �H2� /a ,K2� /b ,L2� /c�, where a=3.834, b=3.869, and
c=11.68 Å.

III. RESULTS

Since superconducting YBCO in the metallic region of
MIC �with y�0.5� have well-defined low-temperature spin
gaps with Egap�Tc,

8,10 while spin excitations in the low-Tc
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FIG. 1. �Color online� �a� The temperature dependence of the
magnetic susceptibility showing an onset Tc of 48 K with width of
2 K. The inset shows �2,0,0� and �0,2,0� Bragg peaks indicating a
detwinning ratio of 85%, as illustrated by the two fitted Gaussian
lines for �0,2,0� peak. �b� The ortho-II oxygen ordering
�1 /2,0 ,0� / �0,1 /2,0� and nuclear �1,0 ,0� / �0,1 ,0� peaks. Since
the CuO chains form the ortho-II superstructure as shown in the
inset, scattering along the a* direction should result in the
�1 /2,0 ,0� peak.
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YBa2Cu3O6.353 �Tc=18 K� are gapless and
resonanceless,15,16 we first probe the possible elastic �quasi-
elastic� AF order and low-energy spin excitations in
YBa2Cu3O6.45. The purpose of our measurements is to see if
YBa2Cu3O6.45 has a central diffusive mode similar to those
in YBa2Cu3O6.353.

Figures 2�a� and 2�b� show the S�Q ,�� in Q scans along
the �H ,H ,1.8� direction at ��=4 and 1 meV, respectively,
where L=1.8 r.l.u. is the maximum intensity position for the
acoustic spin excitations of the bilayer YBCO.6–10 It is clear
that the excitations at 4 meV show no temperature depen-
dence when the system changes from the low-temperature
superconducting state �T=5 K� to the high-temperature nor-
mal state �T=Tc+7 K�. However, the S�Q ,�� peak intensity
for ��=1 meV is larger at T=55 K than that at 5 K. Figure
2�c� and 2�d� plot the corresponding ���Q ,�� obtained from
data in Figs. 2�a� and 2�b�, respectively. The dynamic sus-
ceptibility at both energies decrease with the increase of tem-
peratures, which indicates a gapless low-temperature ground
state.

To further study the low-energy spin fluctuations, we
measured the energy dependence of the scattering at the peak
Q= �0.5,0.5,1.8� and background Q= �0.36,0.36,1.8� posi-
tions for the acoustic mode.6–10 The scattering function
S�Q ,�� at different temperatures can then be estimated by
subtracting the background scattering from the peak position,
as shown in Fig. 3�a�. Although the statistics of the sub-
tracted data can still be improved, it is clear that the S�Q ,��
below 2 meV decreases as the system enters into the super-
conducting state from the normal state. Constant-energy
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FIG. 2. �Color online� Q scans along the �H ,H ,1.8� direction at
�a� ��=4 meV and �b� 1 meV. While the intensity at 4 meV shows
no sign of temperature dependence, the intensity at 1 meV clearly
increases when the system changes from 5 to 55 K. The corre-
sponding ���Q ,�� are shown in �c� and �d�, respectively. The hori-
zontal bars are the instrumental resolutions.
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FIG. 3. �Color online� �a� Energy scans of the
difference between Q= �0.5,0.5,1.8� and
�0.36,0.36,1.8� at 5 and 55 K. The peak intensi-
ties obtained by fitting Q scans at 1 and 4 meV
are also plotted. The corresponding dynamic sus-
ceptibilities ���Q ,�� are shown in �b�. �c� The
temperature dependence of the peak intensity and
background at 1 meV. �d� The corresponding
���Q ,�� of �c�. The dotted lines are guided to the
eye. �e� Q scans along the �H ,H ,2� direction at
��=0 meV and different temperatures. �f� L
scans along the �0.5,0.5,L� direction at ��
=0 meV and different temperatures.
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scans at ��=4 and 1 meV below and above Tc shown in
Figs. 2�a� and 2�b� confirm the result of Fig. 3�a�. Figure 3�b�
shows the ���Q ,�� at 5 and 55 K obtained using S�Q ,�� in
Fig. 3�a� and constant-energy scans in Fig. 2. While the
���Q ,�� at 55 K increases linearly with ��, consistent with
the energy dependence of the normal state dynamics suscep-
tibility in other metallic ground state YBCO,7,8,10 it is clear
that the ���Q ,�� is gapless in the low-temperature supercon-
ducting state and shows a characteristic energy scale around
2.0 meV. This energy scale is similar to those found in the
deeply underdoped YBa2Cu3O6.353 �Refs. 15 and 16� and
electron-doped superconducting Pr0.88LaCe0.12CuO4 with Tc
=21 K.32 However, in contrast to YBa2Cu3O6.353,

15,16 exten-
sive searches in our samples have failed to find any static �or
quasielastic� AF order or the central mode. Figure 3�e� gives
elastic Q scans along the �H ,H ,2� direction, which is the
position expected for the central diffusive mode.15 The lack
of temperature dependence between 5 and 65 K indicates
that the scattering is nonmagnetic. In addition, the Q scans
along the �0.5,0.5,L� direction shown in Fig. 3�f� do not
follow the lattice periodicity as those in YBa2Cu3O6.353.

15

From previous work on underdoped YBCO with a central
mode,15,16,33 we know that the intensity of the central mode
decreases rather rapidly with increasing hole doping and
should certainly be present below 65 K in our YBa2Cu3O6.45.
A comparison with a recent 	SR results14 suggests that our
sample might be close to the magnetic quantum critical point
resulting from the spin-glass phase. We also note that the low
energy scale around 2.0 meV in our sample is in the super-
conducting state, different from those in the lower-doping
YBCO.15,16,33

If the intensity reduction below 2 meV in Fig. 3�a� is
indeed related to the bulk superconductivity, one should ex-
pect that the temperature dependent scattering should re-
spond to superconductivity. Figure 3�c� shows the tempera-
ture dependence measurements at the peak Q
= �0.5,0.5,1.8� and background Q= �0.36,0.36,1.8� posi-
tions for ��=1 meV. The scattering at the peak position
initially increases, but then drops substantially below Tc
showing a clear kink at Tc. On the other hand, the back-
ground scattering shows no observable anomaly across Tc, as

shown in Fig. 3�c�. Figure 3�d� plots the temperature depen-
dence of the ���Q ,�� at 1 meV, obtained by subtracting the
background from the signal scattering and correcting for the
Bose population factor. ���Q ,�� increases with the decreas-
ing temperature, but shows a clear kink at Tc. The fact that
the ��=1 meV spin excitations respond to the occurrence of
superconductivity effectively rules out the possibility that the
low-energy spin excitations arise from the sample oxygen
inhomogeneity. In the latter case, one would not expect the
low-energy spin fluctuations responding to the bulk super-
conductivity.

To search for the magnetic resonance in YBa2Cu3O6.45,
we note that the intensity of the resonance increases below
Tc like an order parameter and its energy tracks Tc as the
oxygen composition is varied via ER=5.8kBTc.

7,8,10,22 Since
YBa2Cu3O6.45 has a Tc=48 K, we expect the mode to occur
at energies around 20 meV. Figure 4�a� shows energy scans
at wave vector Q= �0.5,0.5,5� below �5 K� and above
�70 K� Tc. Consistent with earlier results on higher-doping
YBCO,7,8,10 the raw data are dominated by phonon scattering
at 20 meV and 30 meV at both temperatures. However,
when one takes the temperature difference spectra below and
above Tc, a broad peak with a full width at half maximum
�FWHM� of �15 meV emerges at ���19 meV �Fig. 4�c��.
Since intensity of phonons should decrease with decreasing
temperature and the Bose population factor does not much
affect the magnetic scattering above 10 meV for tempera-
tures from 5 to 70 K, the net intensity gain in Fig. 4�a� must
be the result of enhanced dynamic susceptibility below Tc.
Although such intensity gain below Tc is a hallmark of the
resonance, the observed broad energy peak is quite different
from the instrumental resolution-limited resonance for
YBCO at higher doping levels.7,8,10

To see if the intensity gain below Tc is consistent with the
bilayer Cu2+ acoustic magnetic excitations from YBCO, we
carried out energy scans at the equivalent acoustic wave vec-
tor Q= �0.5,0.5,1.8�. The energy dependence of the suscep-
tibilities ���Q ,�� at different temperatures are summarized
in Fig. 4�b�, where the average values of intensities at Q
= �0.3,0.3,1.8� and �0.7,0.7,1.8� have been used as back-
ground. Consistent with the cold neutron data in Fig. 3,

b

d

a

c

FIG. 4. �Color online� �a� Energy scans at Q
= �0.5,0.5,5� taken below �5 K� and above
�70 K� Tc. The difference in �c� shows a clear
peak centered around 20 meV with a FWHM of
15 meV. �b� Temperature dependence of the dy-
namic susceptibility at the equivalent position Q
= �0.5,0.5,1.8� showing clear magnetic intensity
gain on cooling. The low-energy dashed lines are
from fits in Fig. 3�b�. �d� The temperature differ-
ence in dynamic susceptibility.
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���Q ,�� is proportional to �� above Tc and increases with
decreasing temperature. The difference spectrum 
���Q ,��
between 5 and 70 K in Fig. 4�d� shows a clear kink around
2 meV in susceptibility consistent with the cold neutron data
in Fig. 3�b�. Note that the ���Q ,�� is the peak susceptibility
at Q= �0.5,0.5,1.8�. To obtain the local susceptibility �����
at different energies, one must carry out wave vector integra-
tion considering the detailed dispersion of spin excitations.
Although 
����� still shows a broad peak around 2 meV
after considering the Q width below Tc, the temperature de-
pendence of the magnetic scattering at 2 meV shows no di-
rect correlation with Tc and therefore differs from the neu-
tron spin resonance at ���19 meV.

Figures 5�a�–5�c� show wave vector dependence of
���Q ,�� at ��=8, 12, and 24 meV below and above Tc.
Inspection of figure reveals that the superconductivity-
induced susceptibility gain increases from 12 to 24 meV,
and there is substantial magnetic scattering even at 250 K. In
order to confirm that the observed scattering at 250 K is
from acoustic magnetic excitations in YBCO, we carried out
Q scans along the c-axis direction. The L modulation of the
��=24 meV excitation at 250 K �inset in Fig. 5�d�� follows
the expected acoustic bilayer structure factor, which is pro-
portional to sin2��dL� �d is the distance between CuO2

planes within a bilayer unit�.7,8,10 Finally, the temperature
dependence of the scattering at Q= �0.5,0.5,5� and ��
=24 meV shows an order parameter-like increase below Tc
similar to the temperature dependence of the resonance in the
higher-doping YBCO. These results thus demonstrate that
the broad peak centered at ��=19 meV is indeed the mag-
netic resonance similar to other superconducting cuprates.

Having shown the presence of the resonance in our
YBa2Cu3O6.45, it is important to determine its dispersion as
the outcome will allow a direct comparison of the magnetic
spectra between underdoped YBCO and LSCO. Previous
neutron scattering work on YBCO with y=0.5 and 0.6 has
shown that the dispersion of the resonance has an hourglass
shape,9,10 with incommensurate scattering below the reso-
nance being anisotropic, having a magnetic anisotropy with a
larger incommensurability along the a*-axis direction than
the b*-axis direction.34–36 Since the low-energy spin fluctua-
tions in our YBa2Cu3O6.45 are commensurate, it will be in-
teresting to determine the dispersion of spin excitations
along H and K directions near the resonance. To accomplish
this, we coaligned the samples in either the �H ,K ,4 /3K� or
�H ,K ,4 /3H� zone by simply rotating them 90° along the c*

axis in the �H ,K ,0� zone before tilting around the a* �b*�
axis. The unique advantage of such experimental geometries
is that one can carry out scans along the
�H ,1.5,2� or �−1.5,K ,2� directions with identical instrumen-
tal resolution, thus allowing a direct comparison of the pos-
sible magnetic anisotropy in this material �Figs. 6�a� and
6�b��.

Figures 6�d�–6�h� summarize the constant-energy scans
along the H and K directions for energy transfers of ��=4,
8, 12, 24, and 31 meV in the low-temperature superconduct-
ing state. At ��=4 meV, Q scans along the H and K direc-
tions show identical behavior and suggest that spin fluctua-
tions are isotropic at this energy �Fig. 6�d��. On increasing
the energy to ��=8 meV, the excitations become broader in
Q but are still the same along H and K directions �Fig. 6�e��.
Upon increasing the energy further to ��=12 meV, the Q
scan along the H direction shows a clear flattish top indica-
tive of incommensurate spin excitations, while the identical
scan along the K direction is commensurate and has a
smaller width than the Q scan along the a* direction. We fit
the data with two Gaussian peaks with the incommensurabil-
ity of �=0.057�0.003 r.l.u. being consistent with the uni-
versal � vs Tc plot.8 At energies near and above the reso-
nance �at ��=24 and 31 meV, respectively�, the scattering
profiles become narrow again and the in-plane magnetic an-
isotropy essentially disappears �Figs. 6�g� and 6�h��. Our re-
sults above 12 meV are consistent with an hourglass disper-
sion and display a weak anisotropy below the resonance,
similar to the previous results at higher doping,34–36 but the
low energy excitations become isotropic.

To obtain the integrated �����, one must carry out two-
dimensional wave vector integration of ���Q ,�� within the
�H ,K� plane. Since we did not carried out detailed Q scans
over a wide energy range and it is difficult to separate mag-
netic scattering from phonons around 20 meV, we have not
attempted to construct a ����� versus �� plot similar to
those for YBCO �Refs. 10 and 11� and LSCO.12,13

IV. DISCUSSIONS AND CONCLUSIONS

Figure 7 summarizes our present results together with
schematics of dispersions from previous work on YBCO and
LSCO. Figures 7�a� and 7�b� show the low-temperature spin-
gap and resonance energies as a function of Tc for
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FIG. 5. �Color online� ��a�–�c�� Wave vector dependence of dy-
namic susceptibility along the �H ,H� direction at different energies
and temperatures. There are clear magnetic scattering consistent
with acoustic magnetic scattering structure factor even at 250 K, as
shown in the inset of �d�. �d� The temperature dependence of the
scattering at 24 meV and �0.5,0.5,5� shows an order-parameterlike
increase below Tc, a hallmark of the resonance.
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YBCO.7,8,10,15 Figures 7�c�–7�e� illustrate the observed spin
excitation dispersions for LSCO and YBCO with different
ground states. Figure 7�f� plots the dispersions of the spin
excitations along the a* direction. The disappearing spin-gap
energy in the sample did not reveal more incommensurate
scattering as expected in Fig. 7�e� from a naive stripe picture
but instead showed that the low-energy spin excitations are
commensurate much different from the dispersion of the
lower-doping LSCO.

The surprising discovery of disappearing spin-gap and
isotropic spin fluctuations below the hourglass dispersion
suggests that the doping evolution of spin excitations in

LSCO and YBCO families of cuprates is quite different. The
dramatic increase in the magnitude of the spin gap and the
width narrowing of the resonance on moving from y=0.45 to
0.5 in YBCO’s with ortho-II CuO chain ordering �Figs. 7�a�
and 7�b�� suggest that these changes in spin dynamical prop-
erties are related with the MIC and its associated quantum
phase transition. Since the oxygen concentration in YBCO is
difficult to determine precisely, the relationship between Tc’s
and the oxygen contents differ slightly by different
groups.28–30 The oxygen contents in Figs. 7�a� and 7�b� are
calculated based on the empirical results reported by Liang et
al.30 In the original work of Dai et al.,8 spin excitations of an
underdoped twinned melt-textured sample of YBa2Cu3O6.45
were found to have a spin gap of 6 meV and a sharp reso-
nance at 30 meV. Although the Tc of this sample was re-
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FIG. 6. �Color online� ��a� and �b�� Experimental setup for
studying magnetic anisotropy in our YBa2Cu3O6.45. The measure-
ments were carried out in the �H ,K ,4K /3� and �H ,K ,4H /3� zones
by rotating the sample 90 degrees along the c* axis. The advantage
of such a setup is that the instrumental resolutions are identical in
the a* and b* scan directions. �c� Schematic Q scans at different
energies. ��d�–�h�� Q-scans along the �H ,1.5,2� and �−1.5,K ,2�
directions at different energies in the low-temperature supercon-
ducting state. While the scattering profiles are commensurate and
isotropic at 4 and 8 meV, clear anisotropic scattering appears at
12 meV. The data show clear flattish top. The Q profiles become
narrow and isotropic again near the resonance energy. The instru-
mental resolutions are shown as the horizontal bars.
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FIG. 7. �Color online� �a� Spin gap energies as a function of Tc

for YBCO. There is a sudden reduction below y=0.5 and the MIC.
�b� The resonance energies and their widths as a function of Tc for
YBCO. The energy width of the resonance increases dramatically
below y=0.5 and the MIC. �c� The schematic dispersion for opti-
mally doped La1.84Sr0.16CuO4. On cooling below Tc, a clean spin
gap �about 6 meV� opens and the spectral weight shifts from below
to above the gap, as shown in red region �Refs. 12 and 13�. �d� The
schematic dispersion for static stripe ordered La1.875Ba0.125CuO4,
where incommensurate spin fluctuations extend to zero energy and
there is no spectral weight enhancement below Tc �Refs. 17 and 18�.
�e� Dispersion of YBCO for y�0.5. The low-energy incommensu-
rate scattering were obscured by the presence of the low-
temperature spin gap. The lines within the gap indicate the expected
dispersion from a naive stripe model for y
0.5 samples �Ref. 5�.
�f� Observed dispersion for YBa2Cu3O6.45 along the a* direction.
The part above 12 meV is consistent with an hourglasslike disper-
sion, which breaks down at low energies.
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ported to also be Tc=48 K, the transition width is about 12 K
and Tc is defined to be the middle point in the dc suscepti-
bility measurement.8 This means that the oxygen concentra-
tion in the earlier melt-textured YBa2Cu3O6.45 is much less
homogeneous. As a consequence, the observed resonance
and spin gap in the melt-textured YBa2Cu3O6.45 may arise
from portion of the sample with higher Tc. In any case, the
spin excitations at 10 meV from the earlier experiments also
show a tendency of commensurate scattering below the in-
commensurate peaks at 16 meV.8

Since recent transport measurements have demonstrated
the presence of Fermi pockets in the high-field vortex state
of YBa2Cu3O6.5,

37 we speculate that the sharp resonance and
clean spin gap are fundamental properties of metallic ground
state copper oxides. Indeed, such speculation is also consis-
tent with the data in LSCO, where one finds a clean spin gap
and incommensurate “resonance”—or more precisely, sus-
ceptibility gain below Tc—near optimal Sr doping in the me-
tallic phase12,13,38 but fails to detect any signature of a clean
spin gap or resonance in underdoped materials in the insu-
latinglike phase.17,18,39

Our results present challenges to the two current compet-
ing theories explaining the microscopic origin of the spin
excitations. In one school of thought, doped holes in the
CuO2 are phase separated from the AF insulating background
and self-organize into metallic “stripes,” which necessitates
unconventional superconductivity.40,41 Neutron scattering ex-
periments on La1.875Ba0.125CuO4, where superconductivity is
suppressed by the static stripes, have shown that spin exci-
tations form an hourglass dispersion �Fig. 7�d�� with low-
energy incommensurate peaks �measuring spacing between
stripes� merge into a saddle point determined by the interac-
tions between stripes.17,18 In this picture, incommensurate
spin excitations in the superconducting LSCO and YBCO
arise from dynamic stripes5 and the MIC itself is not ex-
pected to much affect the stripe correlations.40,41 Our obser-
vation of the narrowing commensurate spin excitations be-
low the hourglass resonance in YBa2Cu3O6.45 �Fig. 7�f�� is
inconsistent with the naive picture of stripe correlations. If
stripe correlations were to explain the observed spectra,
something more exotic, for example, the electronic nematic
phase,42 might be required to become important below the
MIC for YBCO.28,29 In fact, the transport measurements in
YBCO by Ando et al.28 had found an increase in the resis-
tivity anisotropy between the a and b directions with the
decreasing doping attributed to the “striped” or electronic
nematic phase. Ignoring the quoted oxygen concentrations as
these may differ from group to group,29,30 we find that the
resistivity anisotropy becomes much smaller for samples
with Tc�50 K, consistent with our observation of isotropic
spin excitations at low energies �Fig. 7�f��. If this scenario is
indeed correct, one would expect that the low-energy spin
excitations to become anisotropic for YBCO samples with
lower Tc and oxygen content.

Alternatively, the resonance and incommensurate spin ex-
citations around it can be explained by quasiparticle scatter-
ing across a nested Fermi surface as in conventional metals
and superconductors.43,44 Based on this approach, a rapid
reduction in the magnitude of the spin gap and the near dis-
appearance of the resonance in the YBa2Cu3O6.45 suggests a
sudden change in the Fermi surface topology across the MIC
in YBCO.45 Although recent experiments37 have demon-
strated the presence of Fermi pockets in the metallic side of
the MIC in the vortex state, it is still unclear what happens to
the Fermi surface or if there is Fermi surfaces at all in the
insulating-like regime below the MIC. In any case, a micro-
scopic understanding of the spin excitations4,5 and in-plane
anisotropy40,41 will require new theoretical work that takes
into account the differences on emergence of the hourglass
dispersions between LSCO and YBCO with increasing dop-
ing. Our data provided the missing link in this comparison
and reveal that the resonance and spin gap are fundamental
properties of metallic ground state hole-doped superconduct-
ors.

Very recently, Rullier-Albenque et al.46 suggested a new
microscopic interpretation on the MIC, where the differences
in out-of-plane lattice disorder between YBCO and LSCO
are used to explain why the MIC takes place at different
hole-doping levels for these two materials. Since disorder is
known to induce in-gap states and low-energy spin
excitations,47 one might speculate that the disorder in our
YBa2Cu3O6.45 is considerably larger than those in the
YBa2Cu3O6.5.

10 In this picture, the large reduction in the
spin-gap energy and the broadening of the resonance below
the MIC is induced by the sudden increase in the lattice
disorder in YBa2Cu3O6.45. Although we cannot exclude the
possible existence of nanoscale defects or intrinsic disorder,
the presence of well-established ortho-II order in our sample
suggests that such defects and disorder do not dominate the
Cu-O chain order. If disorder indeed plays an important role
in the spin dynamics of YBCO with oxygen content near 6.5,
one would expect to observe large changes in spin excita-
tions as the oxygen chain order in the ortho-II YBa2Cu3O6.45
is quenched into the ortho-I phase. Work is currently under-
way to study the oxygen disorder effects on spin dynamics in
YBa2Cu3O6.45.
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