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Hidden magnetic excitation in the pseudogap phase
of a high-T. superconductor

Yuan Li'f, V. Balédent?, G. Yu?, N. Barigi¢*>+, K. Hradil®, R. A. Mole’, Y. Sidis?, P. Steffens®, X. Zhao*?, P. Bourges® & M. Greven®

The elucidation of the pseudogap phenomenon of the high-transition-
temperature (high-T.) copper oxides—a set of anomalous physical
properties below the characteristic temperature T* and above T.—
has been a major challenge in condensed matter physics for the past
two decades'. Following initial indications of broken time-reversal
symmetry in photoemission experiments®, recent polarized neutron
diffraction work demonstrated the universal existence of an unusual
magnetic order below T* (refs 3, 4). These findings have the profound
implication that the pseudogap regime constitutes a genuine new
phase of matter rather than a mere crossover phenomenon. They
are furthermore consistent with a particular type of order involving
circulating orbital currents, and with the notion that the phase
diagram is controlled by a quantum critical point®. Here we report
inelastic neutron scattering results for HgBa,CuQO, ; that reveal a
fundamental collective magnetic mode associated with the unusual
order, and which further support this picture. The mode’s intensity
rises below the same temperature T* and its dispersion is weak, as
expected for an Ising-like order parameter®. Its energy of 52-56 meV
renders it a new candidate for the hitherto unexplained ubiquitous
electron-boson coupling features observed in spectroscopicstudies’ .

Our measurements were performed on three samples made of co-
aligned crystals, which were grown by a self-flux method'' and were
free from substantial macroscopic impurity phases and inhomogeneity
(Supplementary Information sections 1 and 2). HgBa,CuOy,,
(Hg1201) exhibits the highest value of T of all copper oxides with
one copper-oxygen plane per unit cell, has a simple tetragonal

structure, and is furthermore thought to be relatively free of dis-
order effects'. Here we quote the scattering wave vector as
Q = Ha* + Kb* + Lc* = (H,K,L) in reciprocal lattice units (r.lLu.),
wherea*,b* and c¢* are reciprocal lattice vectors. We present normalized
neutron intensities in most figures to facilitate a direct comparison of the
intensity among the measurements (the normalization process is
described in Supplementary Information section 3).

Spin-polarized inelastic neutron scattering data (Fig. 1) demon-
strate the existence of a magnetic excitation throughout the two-
dimensional (2D) Brillouin zone in a nearly optimally doped sample
(T. = 94.5 * 2K, denoted OP95). Energy scans in the spin-flip channel
reveal a resolution-limited feature at low temperatures, with a weak
dispersion and a maximum of 56meV at the 2D zone-corner
(H=K=0.5, also referred to as the antiferromagnetic wave vector,
qar)- The feature cannot be due to a polarization leakage from the
non-spin-flip channel (Supplementary Information section 4), and it
disappears in the spin-flip channel at 300K (Fig. 1a). Background
intensity at 10 K has been measured separately using a combination
of different spin-polarization geometries (Supplementary Information
section 1) and agrees with the intensity at 300 K within the error
(Fig. la; H= K = 0.2). These results prove the magnetic origin of the
peak at 10K.

The dispersion of the excitation along (H, H) for both this optimally
doped sample and an underdoped sample (T.= 65=* 3K, UD65;
Supplementary Information section 5), measured with both polarized
and unpolarized neutrons, is displayed in Fig. 1c. The weak dispersion
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Figure 1 | Identification of a weakly dispersing magnetic collective mode.
a, Spin-flip energy scans for sample OP95; Q-position given at bottom right.
Background (open squares) is measured at 10 K by a method described in
Supplementary Information section 1 and approximated together with the data
at 300 K by a parabolic baseline (red line). The 10 K data are fitted to a Gaussian
(blue line) on this baseline, with a small offset to account for the possible
background change with temperature. Similar baselines are used in b and
Fig. 2a. Horizontal bar indicates instrument energy resolution of ~10 meV
(FWHM). b, Spin-flip energy scans at additional Q-positions, offset for clarity.

¢, Summary of dispersion along (H,H). Different symbols represent
measurements using different spectrometers: IN20 (circles), PUMA (squares),
2T (triangle) and IN8 (reversed triangle). The measurement on spectrometer
IN20 is spin-polarized; all others are unpolarized. Data are presented in panels
aand b, Fig. 2c and d, and Supplementary Figs 4-6. Conventional magnetic
response near q,r (vertical dashed line) is expected in the hatched area
(estimated on the basis of Supplementary Fig. 8b-d), where the determination
of the dispersion using energy scans may be less accurate. Error bars represent
statistical and fit uncertainties (1 s.d.).
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(<10%) and the strong response at the 2D zone centre g = 0 differ
drastically from the characteristics of the well-known antiferro-
magnetic response near qp (refs 14, 15). Remarkably, the dispersion
of the excitation, which is already present well above T, reaches its
maximum at the same point in energy-momentum space as the so-called
magnetic resonance', which in OP95 occurs only below T (ref. 17). This
is further demonstrated in Fig. 2a: compared to the measurement above
T,, substantially higher intensity is observed at q4y below T.

We emphasize that the magnetic signal far away from gy cannot be
attributed to a resonance peak that is broad in momentum, for the
following reasons. First, at optimal doping, the temperature dependence
of the signal away from qur (Fig. 3a) is different from that of the
resonance'” (Fig. 2a inset). Second, the excitation energy near g =0
differs from that at qr (Fig. 1, Supplementary Fig. 4). Third, the profile
of momentum scans at the resonance energy is not symmetric about
qap but is better described by a broad peak centred at g =0 plus a
narrower peak centred at qar (Supplementary Fig. 8a). Fourth, the
resonance peak in momentum scans does not extend below
H = K = 0.3 (Supplementary Fig. 8b—d). Therefore, a magnetic excita-
tion branch in addition to the resonance is required to describe the data,
as illustrated in Fig. 1c. This excitation branch is also distinctly different
from the well-known ‘hourglass’ excitations'®": the latter only exist in a
limited momentum range near qar (the hatched area in Fig. 1c) and
only become clearly incommensurate’® below T. in YBa,Cu3O04. s
(YBCO), whereas the former is observed all the way to g = 0 and above
T, (Fig. 1b and Fig. 3). Moreover, following the notion that the hourglass
excitations are collective modes below the electron-hole continuum,
they are expected only near q4r and cannot continuously disperse to
q =0 (ref. 19).

After the magnetic nature of the excitation was verified with polarized
neutrons, further quantitative measurements were carried out with
unpolarized neutrons to benefit from the much higher neutron flux.
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Figure 2 | Presence of the collective mode throughout the entire 2D
Brillouin zone. a, Spin-flip energy scans at g4 below and above T... Arrow and
dashed line indicate the estimated intensity change due to the resonance. The
insetis adapted from ref. 17 and illustrates the intensity change of the resonance
below T.. b, Unpolarized spectral difference between 16 K and 200 K for sample
UD89 (T, = 89 = 3K) at a Q-position away from the 2D zone diagonal.

¢, Unpolarized spectral difference between 4 K and 330K for sample UD65 at
three different Q-positions in the first 2D Brillouin zone. d, Unpolarized
measurement for sample UD65 using better energy resolution. A constant has
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Following standard procedure to extract a magnetic signal'’, phonons
and spurious contributions were either removed by subtracting back-
ground obtained at high temperature, or avoided by carefully choos-
ing the measurement conditions (Supplementary Information
sections 5 and 6). Measurements at 2D Q-positions similar to those
in Fig. 1a, b, shown in Supplementary Figs 4-6, confirm and extend
the spin-polarized results. The excitation was also observed at
q = (0.5,0) (Fig. 2b) and q = (0,0.5) (Fig. 2c), which are equivalent
2D Q-positions rotated 45° away from those summarized in Fig. 1c.
The energy width of the excitation was found to remain resolution-
limited when measured with better energy resolution (Fig. 2d), which
indicates that it is a long-lived mode. As the excitation is observed at
all of those Q-positions summarized in Fig. 2d inset, we conclude that
it is present throughout the entire 2D Brillouin zone.

The temperature dependence of the excitation is best measured away
from qur and with unpolarized neutrons (Supplementary Information
section 6). The results are summarized in Fig. 3a. The onset temperature
of the excitation, T, is shown in Fig. 3b together with T* determined
from in-plane resistivity'>*° (Supplementary Information section 7)
and the onset temperature of the g = 0 magnetic order measured by
polarized-neutron diffraction®. The good agreement among these
results suggests that the excitation is a fundamental collective mode
of the universal g = 0 pseudogap order™. As the high- T, copper oxides
are not ferromagnetic, a ‘decoration’ of the unit cell with a net cancel-
lation of moments is required to account for the observed behaviour.
Consequently, the collective mode can not be understood with conven-
tional ¢-J and one-band Hubbard models®', which reduce the problem
to one site per unit cell, and instead an extended multi-band approach
appears necessary>>>>>.

The unusual phase diagram of the copper oxides has been argued to
be controlled by an underlying quantum critical point that marks the
termination of a distinct order>**°. A leading candidate is the g =0
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been subtracted from the 403 K data for better comparison. The peak at 5K is
no longer present at 403 K, which is well above T*. Lines in all panels are
Gaussian fits, which serve as guides to the eye. Open symbols in d indicate
measurement points that seem contaminated by phonons (below 50 meV) and
a spurious contribution (at 53 meV). Inset in d summarizes the

Q-positions (colour-coded for the main panels) at which the measurements
were performed. Horizontal bars indicate energy resolutions of the instruments
(FWHM) and error bars represent statistical uncertainty (1 s.d.).
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Figure 3 | Temperature dependence of the collective mode demonstrates its
connection to the pseudogap phenomenon. a, Temperature dependence of
intensity measured at 53 meV, Q = (0.2,0.2,5.2), for sample OP95 (triangles)
and at 54 meV, Q = (0.2,0.2,6.0), for sample UD65 (circles), after background
subtraction (Supplementary Information section 6) and normalization to
values at the lowest temperature. Lines are empirical power-law fits
(Supplementary Information section 6). The onset temperature Ty is

211 * 13 K near optimal doping and becomes considerably higher

(335 £ 23 K) at the lower doping, with no abrupt change near T. in either case.
b, Summary of characteristic (onset) temperatures. Red circles, excitation
branch (this work); blue squares, g = 0 magnetic order?; green triangles, in-
plane resistivity deviation (refs 12, 20 and Supplementary Information section
7). Hole concentrations are determined after ref. 29 based on the doping
dependence of T, in Hgl1201 (black line). Error bars, 1 s.d.

magnetic order that preserves the translational symmetry of the lattice™
and which would naturally give rise to excitations centred at g = 0.
Indeed, such an ordered state involving circulating charge currents
has been predicted theoretically>”. On the basis that this current-loop
order is describable by an Ising-like Ashkin-Teller model, a rather
unusual magnetic excitation spectrum with nearly dispersion-free exci-
tations is expected from the discrete symmetry of the order parameter®,
consistent with our findings.

In the copper oxides, anomalies in the charge excitation spectrum are
usually discussed in terms of a coupling between electrons and bosonic
modes (phonons or antiferromagnetic spin fluctuations). The hitherto
unobserved excitation found here at the same energy as the resonance,
but up to higher temperature and all the way to g = 0,is a new candidate
for the mysterious electron-boson interaction features observed by
photoemission’, optical spectroscopy®® and scanning tunnelling spec-
troscopy'®. At g the strength of the excitation is comparable to that of
the resonance (in Hg1201 (Fig. 2a) and YBCO"). Whereas the latter is
located at qap, the former extends throughout the entire Brillouin zone
(Fig. 2). As the area of resolution ellipsoid in 2D momentum space is a
few per cent of the Brillouin zone, we estimate that the momentum-
integrated spectral weight of the excitation branch is at least an order of
magnitude greater than that of the resonance in Hg1201, and compar-
able to that of the full antiferromagnetic response in underdoped YBCO
(the integrated spectral weight between 25 and 100 meV is believed to
be several times larger than that of the resonance'>**). In other words,
about half of the total magnetic spectral weight is located within a
narrow range around the resonance energy, and has been hidden so
far, in part due to the excitation’s weak momentum dependence. It
remains an open question whether the coincidence of energy scales of
the excitation and resonance is accidental, or if there is a profound
physical connection. Recently, we observed indications of the existence
ofa second branch of similar excitations at lower energy, which needs to
be verified by further studies.

All the evidence'>" suggests that Hg1201 is not only representative of
the copper oxides, but is a model compound, and therefore experiments
on Hgl201 can be expected to reveal the essence of the underlying
physics most clearly. Given the universal existence among the copper
oxides of the pseudogap phase, of the g = 0 magnetic order, and of the
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electron-boson coupling features in the 50-60 meV range, we expect
the excitation branch to be present in other copper oxides as well
(Supplementary Information section 9).
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