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Disentangling the Electronic and
Phononic Glue in a High-T; Superconductor

S. Dal Conte,** C. Giannetti,>*t G. Coslovich,*t F. Cilento,* D. Bossini,§ T. Abebaw,’ll F. Banfi,>>
G. Ferrini,® H. Eisaki,> M. Greven,® A. Damascelli,””® D. van der Marel,’ F. Parmigiani**°

Unveiling the nature of the bosonic excitations that mediate the formation of Cooper pairs is a
key issue for understanding unconventional superconductivity. A fundamental step toward this
goal would be to identify the relative weight of the electronic and phononic contributions to the
overall frequency (Q)—dependent bosonic function, TT(Q). We performed optical spectroscopy on
Bi,Sr,Cag.92Y0.08CU>0g,5 Crystals with simultaneous time and frequency resolution; this technique
allowed us to disentangle the electronic and phononic contributions by their different temporal
evolution. The spectral distribution of the electronic excitations and the strength of their interaction
with fermionic quasiparticles fully account for the high critical temperature of the superconducting

phase transition.

tronic origin, such as spin or electric polar-

izability fluctuations (2) and loop currents
(3), are generally considered potential media-
tors of Cooper pairing in the copper oxide high-
temperature superconductors (cuprates). The
generic interaction of fermionic quasi-particles
(QPs) with bosonic excitations is accounted for
by the bosonic function I1(€2) [usually indicated
as 0*F(Q) for phonons and sz(Q) for spin fluc-
tuations], a dimensionless function that depends
on the density of states of the excitations and the
strength of their coupling to QPs. Because both
the energy dispersion and lifetime of QPs are

Lattice vibrations (/) and excitations of elec-
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strongly affected by the interactions, signatures
of QP-boson coupling have been observed in ex-
periments that probe the electronic properties at
equilibrium. The ubiquitous kinks in the QP dis-
persion at ~70 meV, measured by angle-resolved
photoemission spectroscopy (ARPES) (4), have
been interpreted in terms of coupling to either
optical Cu-O lattice modes (5, 6) or spin excita-
tions (7). Inelastic neutron and x-ray scattering
experiments found evidence for both QP-phonon
anomalies (8) and bosonic excitations attributed
to spin fluctuations (7, 9) and loop currents (/0).
Dip features in tunneling experiments have been
used to alternatively support the scenarios of
dominant electron-phonon interactions (/1) or
antiferromagnetic spin fluctuations (/2). The
frequency-dependent dissipation of the Drude
optical conductivity, o(w), measured by equilib-
rium optical spectroscopies, has been interpreted
(13-15) as the coupling of electrons to bosonic

excitations, in which the separation of the pho-
nonic and electronic contributions is impeded by
their partial coexistence on the same energy scale
(<90 meV).

We have disentangled the electronic and
phononic contributions to IT1(Q) through a non-
equilibrium optical spectroscopy, in which fem-
tosecond time resolution is combined with an
energy resolution smaller than 10 meV over a
wide photon energy range (0.5 to 2 eV). Our ap-
proach can be rationalized on the basis of the
widely used assumption (6, 17) that, after the
interaction between a superconductor and a short
laser pulse (1.55 eV photon energy), the effective
electronic temperature (7;) relaxes toward its
equilibrium value through energy exchange with
the different degrees of freedom that linearly
contribute to I'(€2). In a more formal description,
the total bosonic function is given by

T(Q) = Mye(Q) + Mscp(Q) + Mx(2) (1)

where Iy, refers to the bosonic excitations of
electronic origin at the effective temperature 7y,
[gcp to the small fraction of strongly coupled
phonons (SCPs) at Tscp (16), and Ty, to all other
lattice vibrations at Tj,. Because the term that
couples the rate equations (/8) for 7, and 7;, (with
b = be, SCP, lat) is Gy, Ty, T3)/C, [Where G is
the functional described in (/8) and C, is the
specific heat of the bosonic population], each
subset of the bosonic excitations is characterized
by different relaxation dynamics on the femto-
second time scale. The most convenient systems
for such an experiment are the hole-doped cuprates
close to the optimal dopant concentration needed
to attain the maximum critical temperature T¢, in
which the total T1(€2) is maximum (/5). Despite
the magnitude of TI(Q), vertex corrections beyond

Fig. 1. Nonequilibrium reflec-
tivity. The relative reflectivity var-
iation SRIR(w, T) = [R(w, T+ 8T) —
R(w, MR, calculated for the
incremental variations 87, and

8T, in Egs. 2 and 3 and using
the TT(w) value obtained from
the fit to the equilibrium mea-
surements, is reported. The

Supercontinuum

change of sign of R(w, TR in
the quasi-thermal scenario (gray
line; 8T, = 8T, = 1 K) and the
maximum 8R(w, T)/R in the non-

1.2 14
energy (eV)

16 18 20

thermal scenario (red line; 87, = 5 K, 8T, = 0) occur at a frequency coinciding with the dressed plasma
frequency, Q, ~ 1 eV. The spectral regions probed by the optical parametric amplifier (OPA) and super-

continuum techniques (18) are indicated.
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Eliashberg theory can be reliably neglected (9, 15)
in this doping regime.

The total bosonic function IT(Q2) is directly
determined by fitting an extended Drude model
(18) and a sum of Lorentz oscillators accounting
for the interband optical transitions in the visible
region (/9) to the equilibrium dielectric function
of optlmally doped BizsrzcaO.ngO‘ogclIzOngﬁ
(Y-Bi2212) high-quality crystals (20) (T = 96 K)
measured at 7= 300 K by conventional spectro-
scopic ellipsometry (27). If we assume a histogram-
like form (/8) (fig. S1) and impose an upper limit
of 1 eV, the extracted I'1(€2) is characterized by (i)
a low-energy part (up to 40 meV) compatible
with the coupling to acoustic phonons (22) and
Raman-active optical phonons involving c-axis
motion of the Cu ions (23); (ii) a narrow, intense
peak centered at ~60 meV, attributed to the an-
isotropic coupling to either out-of-plane buckling
and in-plane breathing Cu-O optical modes (6) or
bosonic excitations of electronic origin such as
spin fluctuations (7); and (iii) a broad continuum
extending up to 350 meV (/3-15), well above the
characteristic phonon cutoff frequency (~90 meV).

energy (eV)

1:A 1.3 1.5

The key point to extend this analysis to
nonequilibrium experiments is that the electron
self-energy, X(w, 7), used to calculate o(w, 7) (18),
can be factorized into

¥o,T) = -[o Q) L(w,Q,T)dQ  (2)
(24), where L(w, Q, T) is a material-independent
kernel function accounting for the thermal ac-
tivation of the bosonic excitations and of the QPs.
The kernel function is given by

1
L(0,Q,Te) :—Zm{N(Q,Tb) T 5} +

1 i(Q-Q) 1 iQ+ Q)
Yo —— - - ——
[2 * 2nTe } {2 2nT

3)

where V¥ is the digamma function obtained by
integrating the Fermi-Dirac functions, and M2, T,)
is the Bose distribution at temperature 7;,. The
kernel function can be decomposed into different
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Fig. 2. Nonequilibrium optical spectroscopy. (A and B) Time- and frequency-resolved reflectivity mea-
surements carried out on the OP96 sample at T = 300 K in the OPA (A) and supercontinuum (B) probe
optical region (18). The white curves represent the time traces at photon energies of 1.55 eV and 0.65 eV,
respectively. (C) Energy-resolved spectra for OP96, measured at fixed time t = 100 fs. The black lines are
the maximum and minimum 3R/R(«, t = 100 fs) determined through the fitting procedure described in
the text and in (18) and accounting for the experimental uncertainty in the laser fluence and spot
dimensions. Most of the values of SR/R(t = 100 fs) measured on OP96 at each wavelength fall between the
two lines. (D) Time-resolved trace for OP96 at fixed photon energy of 1.55 eV. The black line is the best fit
to the data obtained through the fitting procedure described in (18).
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terms depending on the electronic (7;) and bos-
onic (7;,) temperatures. The independent vari-
ation of Tip is expected to induce different
modifications of the dielectric function. Figure
1 shows the expected relative variation of the
reflectivity, expressed as

3R (O.T) = R(w,T+8T) — R(w,T)

R R(0.T)

)

in the quasi-thermal (87, = 87, > 0) and non-
thermal (37, > 0, 8T, = 0) scenarios. Phenom-
enologically, in the first case the reflectivity
variation is dominated by the increase of the
QP-boson scattering, corresponding to a broad-
ening of the Drude peak, whereas in the second
case the decoupling between the QP and bosonic
distributions can be rationalized in terms of a
small increase of the plasma frequency without
any change in the scattering rate. The difference
between the two cases is more evident in the
spectral region close to the dressed plasma fre-
quency, Q, = 1 eV—that is, an energy scale
much higher than the energy scale of the bosonic
function.

Time-resolved reflectivity measurements in
the 0.5 to 2 eV photon-energy range (25) have
been performed at 7= 300 K on the same crys-
tals (20) (OP96) used for the equilibrium optical
spectroscopy. The dR/R(w, f) two-dimensional
matrix is reported in Fig. 2, A and B, along with
the time traces at ~1.5 and 0.7 eV photon ener-
gies (white curves). After the pump excitation
at ¢ = 0, the temporal dynamics above and below
Q, are very similar, exhibiting a relaxation dy-
namics of about 200 fs, generally attributed to the
thermalization of electrons with SCPs (/6), and a
slower decay on the picosecond time scale, re-
lated to the thermalization with all other lattice
vibrations. Shown in Fig. 2C are the energy-
resolved traces at fixed delay (z = 100 fs). Com-
paring the dR/R(w) measured on OP96 to the
relative variation of the reflectivity calculated
in the nonthermal and quasi-thermal cases (Fig. 1),
we come to the major point of our work: The
electrons thermalize with part of the bosonic
excitations, described by I1(€2), on a time scale
faster than the electron-phonon thermalization.
The fast time scale (<<100 fs) of this thermal-
ization implies a very large coupling and a rel-
atively small specific heat. These overall
observations strongly suggest that this process
involves bosonic excitations of electronic origin.

The relative strengths of IT,(Q2) (where the
index b refers to the three components in Eq. 1)
determine (26) both the temporal evolution of
the temperatures 74, through the four-temperature
model (4TM) (18), and the intensity of the re-
flectivity variation, through Eq. 2. As a conse-
quence, the simultaneous fit of the calculated
SR/R(w, T¢, Tpe, Tscp, Tha) to the data reported
in Fig. 2 in the time and frequency domain de-
cisively narrows the phase space of the param-
eters of the model, as compared to single-color
measurements. The fit procedure (/8) allows
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Fig. 3. Disentangling the contri-
butions to the total bosonic func-
tion. The electronic (ITy, red areas),
strongly coupled phonon (ITscp,
blue area), and lattice (ITy;, green
area) contributions to the total
bosonic function are shown. The
insets display the temporal evolu- y
tion of the temperatures Ty (red ,,/

line), Tscp (blue line), and Ty -

(green line) determined through 0-100 fs 0-300 fs >300 fs
tl:‘e 4TM (18). Sk.EtChes of t_he pos- SpIn ICLS buckling SCP breathing SCP acoustic modes Rar.nan caxis
sible microscopic mechanisms at fluctuations loops optical modes
the base of the different contribu- 0.8 ST 5T ST
tions to the total IT(Q) are shown
in the upper panels. 0.6- 2 OTee . | OTsce - o OTha
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us to unambiguously extract the different
contributions to TTI(2) and to estimate Cy, and
Cscp.

Figure 3 summarizes the main results of this
work. The pump pulse of 10 wJ/cm?® gently in-
creases the electronic temperature by 87; ~ 2 K.
The entire high-energy part and ~46% of the
peak (red areas) instantaneously thermalize with
electrons at a temperature 7y = 7. The spectral
distribution and the value of the specific heat of
these excitations (Cp. < 0.1C,) demonstrate their
electronic origin. On a slower time scale (100 to
200 fs), the electrons thermalize with the SCPs
that represent ~20% of the phonon density of
states (Cscp = 0.2C},,) but are responsible for ~34%
of the coupling (blue area) in the peak of the
bosonic function at 40 to 75 meV, corresponding
to ~17% of the total bosonic function. Prominent
candidates as SCPs are the buckling and breath-
ing Cu-O optical modes. The third and last mea-
sured time scale is related to the thermalization
with all other lattice modes (80% of the total),
which include all acoustic modes and the infrared-
and Raman-active modes involving c-axis motion
of the Cu ions and provide less than 20% of the
coupling (green area) in the peak of I1(€Q2).

These results have important implications
for the identification of the pairing mechanism
in cuprates. The electron-boson coupling A, =
ZIHb(Q)/Q dQ is calculated for each subset b
of the bosonic excitations, considering the ex-
perimental uncertainties. In the strong-coupling
regime (A, < 1.5), the critical temperature can
be estimated (/8) through an extended version
of McMillan’s equation (27), containing the
logarithmic-averaged frequency (€2) and the
portion of IT,(€2) that contributes to the d-wave
pairing (28). The maximal critical temperature
attainable is calculated assuming that each IT,(€2)
entirely contributes to the d-wave pairing. The

coupling with SCPs (Agcp = 0.4 £ 0.2) is in com-
plete agreement with the values measured on
similar materials via different techniques, such
as time-resolved photoemission spectroscopy (/6),
time-resolved electron diffraction (/7), and single-
color high-resolution time-resolved reflectivity
(29). Although this value is rather close to the
threshold of the strong-coupling regime (30, 3/),
the small value of Q gives 7. = 2 to 30 K, which
is far from being able to account for the high-
temperature superconductivity of the system. The
coupling of electrons with all other lattice vibra-
tions is even smaller in strength (A, = 0.2 + 0.2)
and provides an upper bound of the critical tem-
perature of 7; = 12 K. Finally, the large coupling
constant (A,e = 1.1 = 0.2) and the larger € value
of the electronic excitations give 7, = 105 to
135 K, and this alone accounts for the high crit-
ical temperature. We note that, whereas ITgcp(Q2)
and I, (Q) are expected to be temperature-
independent, IT,(£2) increases as new magnetic
excitations emerge when approaching 7T, partic-
ularly in the pseudogap phase (/0). Therefore,
the use of IT,(Q2) determined at 7 = 300 K to
estimate the QP-boson coupling and 7 under-
estimates the electronic contribution to the pairing,
further supporting our conclusion of a dominant
electronic mechanism in the superconductivity of
cuprates. All the 2, values, maximum attainable
critical temperatures, and important parameters
for each subset of the total bosonic function are
reported in table S1.

The measured values of Ay, Agcp, and Ay
and the spectral distribution of the bosonic ex-
citations strongly indicate that the antiferromag-
netic spin fluctuations (7, 9) and the loop currents
(3) are the most probable mediators for the for-
mation of Cooper pairs. An isotope effect in the
dispersion of nodal QPs has been observed by
ARPES measurements on optimally doped Bi2212

(32). Analysis of these data (33) indicates that
the nodal isotope effect can be explained by as-
suming that the QP-phonon coupling repre-
sents about 10% of the total contribution of other
bosonic excitations. From Fig. 3, we estimate that
the contribution of SCP is less than 20% of the
total bosonic function. Hence, our results fully
explain the observed isotope effect, providing a
consistent interpretation of the most important
experimental results about the QP-boson cou-
pling in cuprates.

Our conclusions are rather independent of the
assumption of the histogram-like form of I1(€2)
and are robust against modifications of the details
of the equilibrium dielectric function. In fact, the
outcome of this work strongly supports the fac-
torization of the self-energy at 7= 300 K into a
temperature-dependent kernel function and the
glue function I1(Q) (see Eq. 2), even under non-
equilibrium conditions. Although we do not ex-
clude a priori that the upper limit used in the
determination of the bosonic function can hide
possible contributions to I1(€2) even above 1 eV
and that the electron-phonon coupling may coop-
erate in driving the superconducting phase tran-
sition, we demonstrate that bosonic excitations of
electronic origin are the most important factor in
the formation of the superconducting state at
high temperatures in the cuprates. Our findings
pave the way for the investigation of electron-
boson coupling in a variety of complex materials,
such as transition-metal oxides and iron-based
superconductors.
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Coherent Sensing of a Mechanical
Resonator with a Single-Spin Qubit

Shimon Kolkowitz,l* Ania C. Bleszynski ]ayich,z* Quirin P. Unterreithmeier,l*
Steven D. Bennett,® Peter Rabl, ]. G. E. Harris,* Mikhail D. Lukin®t

Mechanical systems can be influenced by a wide variety of small forces, ranging from gravitational
to optical, electrical, and magnetic. When mechanical resonators are scaled down to nanometer-scale
dimensions, these forces can be harnessed to enable coupling to individual quantum systems. We
demonstrate that the coherent evolution of a single electronic spin associated with a nitrogen vacancy
center in diamond can be coupled to the motion of a magnetized mechanical resonator. Coherent
manipulation of the spin is used to sense driven and Brownian motion of the resonator under ambient
conditions with a precision below 6 picometers. With future improvements, this technique could be
used to detect mechanical zero-point fluctuations, realize strong spin-phonon coupling at a single
quantum level, and implement quantum spin transducers.

ybrid quantum systems offer many po-
Htential applications in quantum infor-

mation science and quantum metrology.
One example is cavity quantum electrodynamics
(cQED), in which a quantum two-level system
(a qubit) is strongly coupled to resonant photons
in an electromagnetic cavity (/—3). In the me-
chanical analog of cQED, the qubit is coupled to
a mechanical resonator, with resonant phonons
playing the role of cavity photons (4-7). Me-
chanical resonators are promising components
for hybrid quantum systems because they couple
to a wide range of forces while maintaining high
quality factors (§—/3) and can be fabricated using
scalable techniques. A recent experiment dem-
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onstrated coupling of a superconducting phase
qubit to the quantum motion of a piezoelectric
resonator at millikelvin temperatures (/7). How-
ever, this approach resulted in relatively short
phonon lifetimes and is not easily extended to
other resonator-qubit systems. An important goal
is to extend this technique to nonpiezoelectric
resonators that offer longer phonon lifetimes
and to qubits featuring longer coherence times
4, 5,9, 10, 14, 15). In particular, spin states of
localized atomlike systems in the solid state can
be manipulated individually and can serve as an
exceptional quantum memory, even under ambi-
ent conditions. Moreover, experiments have dem-
onstrated that resonators can be sensitive to the
magnetic force associated with a single electronic
spin (/6). Control over a coupled spin-resonator
hybrid quantum system could be used to mediate
long-range spin-spin coupling for quantum in-
formation applications (/7) or to manipulate me-
chanical motion at the single quantum level with
long qubit and phonon coherence times (4, /7). In
addition, coherent control over spin-phonon in-
teractions is of direct relevance for realizations of
novel nanoscale sensors (/8-20).

In our experiment (Fig. 1A), we used the
electronic spin associated with an individual ni-
trogen vacancy (NV) center to sense the motion
of a nearby, magnetized atomic force microscopy
(AFM) cantilever. The time-varying magnetic
field generated by the displacement of the mag-
netic tip coherently drives the qubit evolution,
which is subsequently detected via optical spin
measurements. The essence of our approach (Fig.
1B) is to synchronize the evolution of the single
spin with the cantilever’s oscillations. When the spin
is driven by a pulse train with a period matching
the mechanical period, the motion constructively
affects the spin evolution over a long interaction
time, enhancing the spin’s sensitivity in a narrow
frequency band (27). In addition, the pulses dy-
namically decouple the NV spin from the slow
evolution of the surrounding environment, increas-
ing the possible interrogation time (22, 23).

The NV centers are implanted ~5 nm below
the surface of a bulk diamond sample. The spin
sublevels [mg, = 0) and |m, = £1) of the electron-
ic ground state exhibit a zero-field splitting of
~2.87 GHz. In the presence of a static magnet-
ic field, the degeneracy between |+1) and |-1)
is lifted, allowing us to selectively address the
|0) — [+1) transition with microwave radiation.
The magnetic field B, generated by the tip at
the position of the NV results in an additional
Zeeman shift of the splitting, given by Aw =
gelpBtip * 2/, where g. =2 is the electron g-factor,
up is the Bohr magneton, / is Planck’s constant
divided by 2m, and Z is the unit vector along the
NV axis. With the tip held at a constant position,
the static Zeeman shift is detected by performing
continuous wave (CW) electron spin resonance
(ESR) measurements (Fig. 1C). By scanning the
tip at a fixed height above the diamond surface
with a piezoelectric scanning stage and monitor-
ing Aw, we mapped the projection of B, along
the NV axis (Fig. 1D). This provides an accurate
measurement of the magnetic field gradient G,
produced by the tip along the NV axis, which
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