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The Hebel-Slichter coherence peak, observed in the spin-lattice relaxation rate 1/7; just below the
critical temperature T, serves as a crucial experimental validation of the Bardeen-Cooper-Schrieffer
pairing symmetry in conventional superconductors. However, no coherence peak in 1/7, has been
observed in unconventional superconductors like cuprates. In this study, an unconventional coherence peak
is identified for the first time using nuclear quadrupole resonance on YBa,Cu,Og, pointing to a distinctive
pairing symmetry. The spin-lattice relaxation rate in nuclear quadrupole resonance and nuclear magnetic

resonance with nuclear spin / > 1/2 comprises the magnetic relaxation rate 1/T7°¢, which probes

magnetic fluctuations, and the quadrupole relaxation rate 1/ T?uad, which probes charge fluctuations. By
utilizing ©*Cu and 55Cu isotopes, we successfully distinguish 1/77*¢ and 1/7%* of YBa,Cu,Oy and reveal

the presence of the coherence peak in 1/7%“! but not in 1/T7™, in contrast to conventional
superconductors. Our finding demonstrates that unconventional superconductors do not exhibit a
coherence peak in 1/7; when the relaxation is due to fluctuations of the hyperfine field. Conversely,
a coherence peak is expected when the relaxation is caused by electric field gradient fluctuations, due to the
different coherence factors between charge and magnetic fluctuations. Our successful measurements of
1/T, for the chains of YBa,Cu,Og suggest that, should the conditions for predominant quadrupole
relaxation be satisfied, this phenomenon could provide a novel approach to exploring the unconventional

nature of the pairing mechanism in other superconductors.

DOI: 10.1103/PhysRevX.14.041072

I. INTRODUCTION

Unconventional superconductors, such as d-wave and
s*-wave superconductors, are characterized by a varying
sign of the superconducting gap function in momentum
space, with their Cooper pairs widely believed to originate
from electron-electron correlation rather than electron-
phonon coupling [1]. Therefore, unconventional supercon-
ductors exhibit distinct physical properties, such as the
absence of the Hebel-Slichter coherence peak [2-10]. In
conventional superconductors with uniform superconducting

“Contact author: lizheng @iphy.ac.cn
Contact author: jiangkun@iphy.ac.cn
*Contact author: jlluo@iphy.ac.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2160-3308/24/14(4)/041072(10)

041072-1

Subject Areas: Condensed Matter Physics,
Strongly Correlated Materials,
Superconductivity

gaps, the density of states (DOS) diverges at the gap energy,
leading to a huge enhancement of spin-lattice relaxation rate
1/T, just below the critical temperature 7. in nuclear
magnetic resonance (NMR) experiment, called the Hebel-
Slichter coherence peak [11]. Conversely, this Hebel-Slichter
coherence peak is absent in unconventional superconduc-
tors [10], such as d-wave cuprate superconductors, where
the DOS divergence persists. Consequently, detecting
coherence peaks poses a significant challenge for uncon-
ventional superconductors. In this work, we reveal a novel
unconventional coherence peak in high-temperature cup-
rate superconductors using nuclear quadrupole resonance
(NQR), introducing a distinctive feature of unconventional
superconductivity.

The nucleus with the spin I > 1/2 is nonspherical and
possesses an electric quadrupole moment Q,,3, where a and
p are spatial directions x, y, z. This results in the nucleus
having an electrostatic energy that varies depending on its
orientation within an electric field gradient (EFG) V,; =
(0*V/0adp) generated by the local potential V from its
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surrounding environments [12]. Hence, the electrostatic
energy splitting between different nucleus spin |I| is
utilized in NQR, analogous to how NMR employs the
magnetic energy splitting of each spin / under a magnetic
field. Furthermore, the electric quadrupole moment is a
valuable tool for investigating electric field dynamics, akin
to how the magnetic moment is used to study spin
dynamics. These tools complement each other in exploring
electromagnetic fluctuations in condensed matter [13]. A
key dynamic signal is the spin-lattice relaxation rate, which
describes how the nuclei arrive at their thermal equilibrium
via the process of spin-lattice relaxation and is proportional
to the summation of the imaginary part of the dynamical
susceptibility. In the conventional s-wave superconducting
state, the rate can be expressed as [14]

T 2 [ A? E
ﬂ___z/ 1+— Né(E)wdE’ (1)
Tis  N2Ja E O

where Ty and T are the relaxation times in the normal
state and the superconducting state, respectively. N is the

DOS in the normal state, and Ng(E) = NoE/V E* — A? for
E > A is the DOS in the superconducting state. f(E) is the
Fermi distribution function, and A is the superconducting
gap. The sign of the coherence factor (14 A%/E?) is
contingent on the nature of the perturbation causing the
transition. Magnetic relaxations, being not time-reversal
invariant, have (1 + A?/E?) which enhance the divergency
of Ng(E) and the magnetic relaxation rate 1/77" exhibits a
Hebel-Slichter coherence peak in conventional supercon-
ductors [14]. In contrast, quadrupole relaxations, being
time-reversal invariant, have (1 — A%/E?) which compen-
sate for the divergency of Ng(E) and the quadrupole
relaxation rate 1/7%"** drops rapidly below T, in conven-
tional superconductors [15,16]. In unconventional super-
conductors, 1/7 drops or decreases gradually below T,
without a coherence peak being observed [2]. These phe-
nomena contradict the logarithmic divergence of Ng(E) in
cuprate superconductors [17]. Additionally, the cuprate
superconductor gap sign varies in momentum space, sig-
nificantly impacting the coherence factor and potentially

leading to a shift of the coherence peak to 1,7,

II. RESULT

Whether a coherence peak is present in 1/79"*¢ moti-
vated us to perform NQR on two isotopes **Cu and ®Cu in
oxygen-stoichiometric and underdoped YBa,Cu,Og. This
compound is an unconventional superconductor with a
transition temperature 7, = 81.5 K [18], as confirmed by
the temperature-dependent magnetization measurement in
Fig. 6. As previously mentioned, NQR is particularly
sensitive to the local chemical environment and can
distinguish between Cu atoms situated in distinct positions.

YBa,Cu,Og contains two Cu sites, namely, the chain Cu(1)
and the planar Cu(2) (depicted in the upper inset in Fig. 1),

offering a unique avenue to probe 1/77*¢ and 17" and
explore the coherence peak. The Cu(1) and Cu(2) sites have
different EFG strengths, resulting in different resonance
frequencies as shown in the spectra inserted in Fig. 1.
Additionally, the distinct EFG tensors of Cu(1) and Cu(2)
influence their electric dynamic behavior, which is dis-
cussed later. Two isotopes *Cu and ®Cu lead to two NQR
resonance peaks at each site, for a total of four peaks at
both sites, as shown in the lower inset in Fig. 1 for the
spectrum at 7.

The four NQR spin-lattice relaxation rates R correspond-
ing to the four peaks are measured and plotted in Fig. 1. For
the planar Cu(2), the R of %Cu(2) and ®Cu(2) (green and
purple lines, respectively) drop due to the reduction in DOS
caused by the superconducting gap below T, with notice-
able kink behaviors observed at 7.. The R of Cu(2) above
T. keeps increasing and saturates around 200 K [19]. These
data are consistent with previous reports in the whole
temperature range [4,6] and similar to YBa,Cu3; 05 [5]. On
the other hand, the R of ®*Cu(1) and ®*Cu(1) (cyan and red
lines, respectively) decrease with temperature decreasing
above T, resembling the behavior of a conventional metal.
Notably, the R of Cu(1) exhibits a slight increase just below
T., followed by a decrease at lower temperatures. These
distinctive characteristics are highly unusual, suggesting a
coherence peak akin to that observed in conventional
superconductors.

Let us focus our attention on the superconducting
transition and eliminate the linear temperature term in
the metal by drawing R/T around T in Figs. 2(a) and 2(b).
Both R/T of %Cu and %°Cu at the Cu(1) site exhibit a
coherence peak just below T, whereas R/T of the Cu(2)
site commences a quite steep descent below 7. The distinct
temperature-dependence behaviors of Cu(1l) and Cu(2) are
attributed to their different EFG. R can be expressed as a
sum of magnetic relaxation rate 1/77 and quadrupole
relaxation rate 1/T9"*, R = 3/T1 + 1/T%* for I = 3/2
NQR experiment [20]. Theoretically, the nuclear spin
Hamiltonian of the interaction between quadrupole
moment Q and EFG can be written as [12]

_ g

Ho ¢

BE-P)+IB+R). @
where vq is the quadrupole resonance frequency along
the principal axis, hvg = 3eQV . /2121 = 1). n = (V,, —
Vyy)/ V. is an asymmetry parameter of the EFG, where
Ve Vyy, and V. are the EFGs along the x, y, and z
directions, respectively. Only the terms with / and /_ can
T(];uad

flip spins and contribute to 1/ , necessitating a suffi-

ciently large # to measure 1/79*!, The planar Cu(2) is
isotropic with a negligible # [4], resulting in 1/T; of Cu(2)
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FIG. 1.

Temperature dependence of relaxation rate R of YBa,Cu4Og. The inset crystal structure indicates the Cu(1) site and Cu(2) site.

The inset spectrum shows four peaks of ®*Cu and ®Cu at the Cu(1) and Cu(2) sites, respectively, where R is measured. The dashed line
marks the superconducting transition temperature T,. R of ®*Cu(2) (green) and Cu(2) (purple) drops below T, while R of ®Cu(1)
(cyan) and 65Cu(l) (red) increases a little just below 7. and forms a small peak.

being purely affected by magnetic relaxation and unable
to detect EFG fluctuations [2]. Therefore, although there
are charge fluctuations in the Cu-O plane detected by
planar 'O with # > 0.2 [21], they cannot be detected by
Cu(2) [22]. On the other hand, the chain Cu(l) is
anisotropic with 7 = 0.85, causing 1/T, of Cu(l) to be
affected by both magnetic and quadrupole relaxation. If the
coherence peak is due to magnetic relaxation, it should be
observed at both Cu(l) and Cu(2) sites. The presence of
the coherence peak exclusively at the Cu(1) site suggests its
origin from quadrupole relaxation.

1/T%™ and 1/T9** can be decomposed by utilizing two
isotopes 93%3Cu, which possess the same spin = 3/2 but
different gyromagnetic ratios and quadrupole moments [2].
Using isotopes can avoid the influence from form factors
and principle axes directions [23], since they occupy the
same atom site. The decomposition equations are
3/0T1 — (R —hx BR)/(a—b) and 1/°TI =
(ax®R-%R)/(a—b), where the quotients a =
(%y/9)? = 1.1477 and b = (9Q/%SQ)> = 0.8562 are
known [24]. Before decomposing, the ratio of ®R/%R is

calculated to assess the weight of 1/7%™ and 1/T9,

shown in Figs. 2(c) and 2(d). ®R/%R at the Cu(2) site
remains a constant value around the magnetic quotient
a = 1.1477 for various temperatures, indicating negligible

1/T%* and the presence of only 1/T7“. Conversely,

R/%R at the Cu(l) site deviates from 1.1477 around

T, suggesting a detectable 1/7T9"** component.

The magnetic and quadrupole relaxations of Cu(l) are
decomposed using the relations mentioned above, and the
results are illustrated in Figs. 3(a) and 3(b), respectively.
The 1/T7* depicted in Fig. 3(a) drops below T due to the
loss of DOS, aligning with the behavior of the R/T at the
Cu(2) site where solely magnetic relaxation occurs and
R/T = 3/(T,T)™e. In contrast, the 1/(7T,T)%% displays a
prominent coherence peak just below 7', in sharp contrast
to conventional superconductors where the coherence peak
is evident in the 1/(7;T)™¢ and absent in 1/(7T,T)%a,
This discrepancy elucidates the absence of a coherence
peak at the Cu(2) site, as it is unaffected by quadrupole
relaxation. It is noteworthy that the 1/(7,T)%%¢ is smaller
than 1/(7,7)™¢, underscoring the higher sensitivity
of most nuclei, such as Cu, to magnetic fluctuations in
dipolar interaction than to EFG fluctuations in quadrupole
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FIG. 2. Temperature dependence of spin-lattice relaxation rates and their ratio of YBa,Cu,Og around T.. The superconducting state is
marked in yellow. Spin-lattice relaxation rates of ®*Cu and ®Cu at the (a) Cu(1) site (cyan and red) and (b) Cu(2) site (purple and green),
respectively. A coherence peak can be identified below 7', at the Cu(1) site. (c),(d) Spin-lattice relaxation rate ratios of *Cu to ®*Cu at
Cu(1) and Cu(2) sites, respectively. The dashed lines mark the value of (/%)% = 1.1477, where there is only magnetic relaxation.
Deviation from the dashed line indicates quadrupole relaxation emerges below 7. at the Cu(1) site.
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FIG. 3. The relaxation rate of (a) magnetic component

1/(T,T)™¢ and (b) the quadrupole component 1/(T,T)% at
the Cu(l) site. The yellow background indicates the super-
conducting state. The coherence peak is located at the
1/(T,T)%™ but is absent at the 1/(T,T)™.

interaction. Moreover, in the superconducting state, on
lowering the temperature, the quadrupolar relaxation
diminishes faster than the magnetic one [22].
Consequently, the coherence peaks in Fig. 2(a) have
historically been inconspicuous and challenging to detect.

There is one thing we need to emphasize: The superfluid
density of the system around 7, is dominated by the CuO,
plane, since the bare transition temperature of the chain is
much smaller than the plane owing to the strong fluctua-
tions in one dimension [25-28]. Therefore, although
1/T% is measured at the chains, the peak from 1/7%"“

directly probes the charge dynamics of the CuO, plane.
To simplify our discussion and arrive at a qualitative

understanding, we focus on only the CuO, plane and leave
the general discussion to the Appendix. The newly
observed 1/T9* peak is proportional to a g-summed
charge susceptibility y,(g, E) of cuprate superconductivity,
underscoring the significance of both long and short
wavelengths to 1/7%. Theoretically, 1/7%** can be
written as

Tqudd X TZ(

AkAkJrq) F2(q) Of (Ex) S(Ex = Exiyg).

OE,
(3)

where the F(g) is the structure factor of the quadrupole
interaction. A key aspect of this equation is the coherence
factor (1 — AyAy,,/E?*). For a d-wave superconductor, a
prominent momentum ¢ is around ¢y = (7, x). This g,
excitation, along with the corresponding coherence factor,
has previously resulted in a distinct spin resonance peak
in neutron scattering of cuprate superconductors [29].
Similarly, this coherence factor around ¢, gives rise to a
signreversal A;A; < 0, which cannot counterbalance the
divergence from DOS in the superconducting state. Hence,
this g, may lead to this unconventional coherence peak in

1/T9* upon entering the superconducting transition.

I11. DISCUSSION

The unconventional coherence peak identified in the
nuclear quadrupole relaxation rate of YBa,Cu,Og

041072-4



UNCONVENTIONAL COHERENCE PEAK IN CUPRATE ...

PHYS. REV. X 14, 041072 (2024)

(@), Magnetic relaxation (b),

s-wave SC
Tleag/Tlsmag

d-wave SC

Quadrupole relaxation (c)
; C=(1-A 4. JE)
g
c<
kX
(f)
.
Sl ]
=
k

T/T, (K)

FIG. 4. Schematic diagrams of experimental measured magnetic and quadrupole relaxation rates of conventional and unconventional
superconductors. The cyan and yellow backgrounds represent the conventional and unconventional superconducting states, respectively.
(a) The magnetic relaxation rate shows a Hebel-Slichter coherence peak just below T, while (b) the quadrupole relaxation rate drops
rapidly below T in conventional superconductors. In unconventional superconductors, (d) the magnetic relaxation rate drops below T,
while (e) the quadrupole relaxation rate shows an unconventional coherence peak. (c) The Fermi surface of the s-wave superconducting
gap, where the gap is isotropic. (f) The Fermi surface of the d-wave superconducting gap, where the gap changes sign from positive
(green) to negative (yellow). The arrow describes the scattering from positive to negative gap value, which leads to a sign change
ApAgi, <0 in the quadrupole relaxation rate coherence factor C = 1 — AyA;. ./ E%

complements the relaxation rate pattern depicted in Fig. 4.
In conventional superconductors, a Hebel-Slichter coher-
ence peak is typically observed in the magnetic relaxation
rate, as illustrated in Fig. 4(a), whereas the quadrupole
relaxation rate drops below 7', due to coherence factors, as
illustrated in Fig. 4(b). It reflects that the gap is isotropic
without a sign reversal in conventional superconductors, as
shown in Fig. 4(c). Conversely, unconventional super-
conducting gaps exhibit a sign reversal attributed to
electron-electron correlation. In such cases, the magnetic
relaxation rate does not display a coherence peak around 7
experimentally, and the quadrupole relaxation rate acquires
a coherence peak, as illustrated in Figs. 4(d) and 4(e).
Historically, the absence of the Hebel-Slichter coherence
peak in 1/7* was widely discussed [7-9,30-34]. One of
the prevailing views is that the sign-changing gap is the
reason for this absence, which eliminates the coherence
factor contribution [17,30-32]. Meanwhile, it will lead to a
phenomenon that the 1/ T?uad be enhanced by the coherence
factors just below T, due to the gap sign changes at various
positions around Fermi surfaces, with scattering between
different signs becoming dominant, as shown in Fig. 4(f).

The sharp contrasts observed in 1/T"¢ and 179
from conventional superconductors provide a novel method
to explore the unconventional nature of the pairing

mechanism in unconventional superconductors. The
spin-singlet Cooper pairs are widely believed to be formed
above T, owing to the small superfluid density in uncon-
ventional superconductors [35]. The unconventional peak

observed in 1/T%"* leads to a hallmark of forming phase
coherent unconventional superconducting condensate
below T.. This peak can be used to diagnose unconven-
tional (sign-changing gap) superconductivity with signifi-
cant quadrupole relaxation.

On the other hand, measurement conditions for 1/ T‘}uad
are quite stringent, necessitating substantial EFG fluctua-
tions, significant 7, and the presence of two or more
isotopes. Cuprates have charge-density wave (CDW) fluc-
tuations in the phase diagram [36,37], which provide
opportunity to detect 1/79"**, Although CDW fluctuations
contribute to 1/7%", the peak found here cannot be due to
CDW which competes with superconductivity and CDW
order appears only when superconductivity is killed. Some
cuprates contain chain Cu with large # and two isotopes
6365Cu. Underdoped YBa,Cu;0,_s sharing similar elec-
tronic band structure with YBa,Cu,Og can also be utilized
to identify the unconventional coherence peak [38].
However, measuring 1/7%“* in other unconventional
superconductors poses challenges, such as in iron arsenide,
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where only one isotope of 7’As is present [39].

Theoretically, 1/T%*! can be estimated by comparing
the relaxation rate measured by NMR and NQR.
However, the different principle axes and the external field
make it hard to compare NMR and NQR directly [23].
Another method is to compare the relaxation rate of satellite
peaks with the central peak. Nevertheless, achieving this
requires exceedingly precise data that surpass current
experimental precision levels [20]. As measurement pre-
cision improves, there may be opportunities to explore a
wider range of systems. We hope our study will inspire
extensive future experimental and theoretical investigations
to elucidate whether the unconventional coherence peak is a
universal characteristic of unconventional superconductiv-
ity and delve into its underlying mechanisms.
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APPENDIX: METHODS

1. Sample growth and characterization

YBa,Cu,Og single crystals are synthesized with
YBa,Cu;0,_5 powders and the same molar ratio
CuO (99.9%). The precursor YBa,Cu;0,_s is prepared
by solid-state reaction. Stoichiometric proportions of Y,05
(99.99%), BaCO5 (99.99%), and CuO (99.9%) are thor-
oughly mixed and grounded and then calcined in air at
860 °C for 24 h. The products are ground and then pressed
into a pellet and calcined at 890 °C for 48 h in Ar (95%)-
02 (5%). The prepared YBa,Cu;0,_5 powders and CuO
are mixed uniformly and then put into the Al,O5 crucible
with 50-70 wt.% KOH as flux. After keeping at 700 °C for
4 h, samples are cooled to 500 °C at a speed of 8 °C/h and
fast cooled to room temperature finally. By soaking them
in ethanol to remove the flux, we get small single crystals
with a typical size of 0.1 mm. The x-ray diffraction pattern
demonstrates the samples are YBa,Cu,Og, as shown in
Fig. 5. The magnetic susceptibility measured with a
magnetic property measurement system (MPMS-III) exhib-
its perfect diamagnetism, as shown in Fig. 6.

)

‘g

=

=

=

2

‘B

o

8

=

20 (°)

FIG. 5. The x-ray diffraction pattern of YBa,Cu,Og at room
temperature.
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90 100

FIG. 6. Temperature-dependent magnetic susceptibility of
YBa,Cu,Og single crystal measured at 15 Oe. The data measured
with zero field cooling show perfect diamagnetic. The dashed line
indicates the superconducting transition temperature.

2. NQR measurements

The skin effect of the metallic state and the penetration
depth of the superconducting state can shield the detection
signal into the sample, so to achieve a large detectable
volume we ground the samples and sieve with 300 mesh
standard sieves to ensure a uniform powder particle size
(<50 pm). NQR measurements are carried out using a
commercial NMR spectrometer from Thamway Co. Ltd.
The NQR spectra are acquired by integrating the intensity
of spin echo at each frequency, as shown in Fig. 7. The
quadrupole resonance frequencies v are summarized in
Fig. 8. We notice that the v of Cu(1) shows a small kink
at T, and decreases below T in Fig. 8. It is natural to ask
whether this kink can influence the spin-lattice relaxation
rate R. First of all, the change in v is equal to the static
EFG change crossing T.. There are two possible origins
for this static EFG change: (a) the electronic structure
changes; (b) the coupling between electron and nuclear
changes. Then, we can separate v, change into two cases.
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FIG. 7. NQR spectra of YBa,Cu,Og at some typical temper-
atures. The curves are vertically offset for clarity. Four peaks are
03.63Cy of the Cu(1) site and Cu(2) site, respectively. The nature
abundance of ®Cu and ®Cu are 69% and 31%, respectively,
which lead to a peak intensity of %*Cu about twice that of 5Cu.

(1) If the static EFG change comes from the electrons,
the only electronic changes that occur at T are from
the superconductivity. So, this case is equal to saying
that the superconducting ordering induces both the
vq change and R peak crossing T.. And the v
change indicates that superconducting does influ-
ence the Cu(1) chain. In this case, R is decided by
superconducting transition but not vg.

(ii) If the static EFG change comes from the coupling,
we can estimate this change to R. As discussed in the
theoretical analysis subsection, the spin relaxation
rate is proportional to the relaxation matrix W,,,
between a state [m) and |n) by |(m|H|n)|%. Hence,
the static EFG influence to the R by the
(vo +6vg)* /vy = 14261y /vg. In other words,
if we imagine the change of R comes from a static
coupling change instead of the electron fluctuations,
the R by the static EFG is changed by 26v,/v,.

We know that vy just below T is less than 0.03% in
Fig. 8. This means 0.03% change of static EFG will change
R by 0.06% in case (b). However, the R in Fig. 2(a)

20.84 i T T
29.80
29.76 .
w
".n-—'.“" - w v
2972 |F T———
’ >Cu(2)
27.60
~N
é 2756 |
= (15(:
b u(2) -~
02752 %ﬁ el IR
20.04F ;
20.00 W oo = %
. : ()3Cu(l)
= . 65C
1 i u(l
18.52 j-/:-——-(.z = 8 n-i
18.48 R . .
0 100 200 300

T(K)

FIG. 8. Temperature-dependent quadrupole resonance frequen-
cies of 939 Cu of the Cu(1) site and Cu(2) site. 7, is marked with
adashed line. The frequencies change little with temperature over
the entire temperature range, even in the superconducting state.
The spin-lattice relaxation rate at each temperature is measured at
the corresponding frequencies.

increases about 5% just below T, which is much larger
than this small change. Moreover, vQ decreases monoton-
ically with decreasing temperature below 7., while R peaks
just below T, and decreases at lower temperatures. So the
peak of R cannot come from v change. The change of R
reflects the change of DOS and the appearance of the
coherence factor in the superconducting state.
Spin-lattice relaxation rate R for every nucleus is
measured using a comb-shaped-pulse recovery method
with the recovery function M(7) = M(o0) — A exp(—R1),
where error bars are the standard error of the least square fit.
M(1) is the nuclear magnetization at time # after saturation
pulses. M(o0) is the value of M(¢) in an equilibrium state,
and A = M(o0) — M(0), where M(0) is the initial value
of M(t) after the saturation pulses. Both M(c0) and A
are fitting parameters. R/T in the full temperature zone
is shown in Fig. 9. R can be written as a sum of
two contributions of 1/77* and 1/T3, 6365R —
36365 | /0365 for 63.65Cy NQR experiment.
1/T™ is proportional to the square of the gyromagnetic
ratio, 1/T7* o y%, so a = (BT)*/ST™) = (55 /%%)? =
1.1477. 1)T™ is proportional to the square of the quad-
ruple moment, 1/T™«Q?, so b= (P11 =
(0/90)*=0.8562. Based on these
1/T7 and 1/T®* can be distinguished.
We want to add a note here. The EFG principal axis of
Cu(1) is along the a axis, and the principal axis of Cu(2) is
along the ¢ axis [4]. In a conventional superconductor, the
Hebel-Slichter coherence peak appears in all directions.
The coherence peak reflects the divergence of DOS and

relationships,
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FIG. 9. Temperature-dependent spin-lattice relaxation rates
R/T of %Cu and ®*Cu at the Cu(l) site and the Cu(2) site,
respectively. The superconducting state is marked in yellow.

coherence between electrons. Whether there is a coherence
peak does not depend on the direction of the principal axes
of EFG. However, if one wants to separate 1/77"* and
1/T%* by comparing NMR and NQR or by comparing
atoms at different sites, the principal axis is important.

1/T™ is determined by the fluctuations perpendicular to

the applied magnetic field and 1/T%* is determined by the

fluctuations perpendicular to the principal axes when
n = 0. The mismatch between the applied magnetic field
and the principle axes leads to different 1/7; values of
NMR from NQR. When 7 > 0, even if the applied field is
along the principal axes, NMR and NQR cannot get the
same 1/T, value [23]. Moreover, the principal axes of
Cu(l) and Cu(2) are different, so their 1/7; from NQR
cannot be compared directly [4]. We use the method of
comparing 1/, of ©Cu and %Cu at the same site, which
have the same EFG and form factor, to avoid this problem.

3. Theoretical analysis

The Hamiltonian of quadrupole interaction can be
compactly written as

Hy = Q / ArV (P (7). (A1)

The EFG tensor V,, can be expressed as V,(r) =
Jdr'p(¥ )T, (r.r'), where T, (r, ') is the spatial function
linking the electron density p(7’) to nucleus quadrupole
1,,(r). Thus, the charge fluctuation in NQR is mainly
determined by the density fluctuation of electrons and
quadrupole of the nuclear. The Fourier transformed
Hamiltonian in the lattice can be expressed as Hy =
e, F(q)p(q)A(=q), where F(q) is the structure factor
determined by 7,,(r,r) and A contains the quadrupole
moment and spin of nuclear. The relaxation of the nuclear
spin and lattice toward the thermodynamic equilibrium can
be described by the master equation [dP(r)/dt] =
W,.[P(t) — P(0)], where P(z) is the population vector
of the different energy levels [20]. The relaxation matrix
Wmn is giVCIl by Wmn & TZq F? (Q)hmw—>0 [Im)(pp(qvw)/w]
through second-order perturbation theory. Here, y,,(¢. ®)
is the density-density correlation function. For supercon-
ductors, y,,(¢.®) can be calculated by the Green’s
function as

(k,iv,)

ZTr

k v,

x G(k + gq,1v, + iw,)73],

Zop(q.i0,

(A2)

where 73 is the Pauli matrix and G(k, iv,,) is the Matsubara
Green’s function for SC. Then, we can get

ALA Jf (E
quad x TZ( £ k+q> Fz(‘]) ](;(Ekk) 5(Ek - Ek-»—q)‘

(A3)

As we discuss in the main text, the coherence peak is from
the CuO, plane. By focusing on the plane, Fig. 10 shows

1.5
Quadrupole relaxation rate

o 10}
=
z
|_

0.5 |-

0.0 L L

0.0 0.5 1.0

T/T, (K)

FIG. 10. The theoretical simulation for the quadrupole relax-
ation rate in d-wave superconductors. Here, we limit the
summation around (r, 7).
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the quadrupole relaxation rate in d-wave superconductors
calculated by summing the ¢ points near (z, x).

The above analysis provides a qualitative understanding
of the coherence peak in d-wave superconductors. On the
other hand, since NQR relaxation rate can be observed only
on the Cu(1) sites rather than on the Cu(2) sites due to a
nonzero # on CuO chains, we need consider a multiband
model including both CuO planes and CuO chains to more
convincingly describe the experimental phenomena. The
Hamiltonian of the two-band model can be written as

=Y e i
Hy = EnkC oo T €1k(ClipCoke + HoC.)
nk

+ ZAnqﬁnk(clchjl_N + HC) (A4)
nk

The dispersions of the CuO chain (n =1) and CuO
plane (n =2) are &, = —2f.ynCc0sk, + €. and &=
—2t,yn(cosk, +cosky) +4t,yyycosk,cosk, +e,, respec-
tively. The tunneling term between the two layers has the
form e, = t., + 2t.,yy(cos k, — cosk,). All the param-
eters in the tight-binding model can be obtained from the
density-functional theory calculations. A, ¢, is the mean-
field order parameter of the chain and plane bands. To our
knowledge, how the chain becomes superconducting
remains controversial. Since the failure of considering only
the single-particle tunneling model has been highlighted in
Ref. [25], we take the pair tunneling interaction, specifi-
cally Josephson coupling. The singlet pair tunneling term
has the form

H, = _/1]2(¢1k¢2k’clrk¢ci—k¢C2—k’¢62k'T +He), (AS)
P

where 4; is the Josephson coupling strength. Because of
symmetry requirements, Josephson coupling imposes the
same pairing symmetry on both the CuO chains and planes.
Thus, we set ¢, = ¢y = cos k, — cos k. Then, A,, can be
determined by self-consistent equations

A A
Ay :Vlz¢lk<clkTC1—k¢> +ij¢2k<02mc2—k¢>7
k k
A :&Z(p (crurc >+@Z¢ (corapy).  (A6)
2=y, ‘ ACTR Cl-ky ) T, ‘ 2k\C2kt C2—k| />

where A, are strengths of intralayer pairing potentials.
Figure 11(a) shows the amplitude of order parameters on
the CuO chain and plane. Because of Josephson coupling,
the order parameter from the CuO planes penetrates into the
chains. As a result, the phase coherence properties of the
planes can also be detected in the chains. Note that if
Ay =0, the self-consistent calculation will yield a very
small value for A,. Furthermore, we calculate the superfluid
density along x and y directions shown in Fig. 11(b). The

(a)o2s (b)os

s

0.2 06 —D

: DS

—~0.15 Yy

&~ 0
— N 04
< 0.1 A
0P 02
0.05) —A, :
0 0
0 0.5 1 0 0.5 1
T/T, T/T.
(c) 15 (d) 1.5
I, EE
g =
iﬁ 0.5 5;: 0.5
0
% 05 1 0 05 1
T/T. T/T.
FIG. 11. (a) The amplitude of order parameters on CuO chain

A, and plane A, through the self-consistent calculation. (b) The
superfluid density along x and y directions. (c) The quadrupole
relaxation rate on the CuO chain [Cu(1) site]. (d) The quadrupole
relaxation rate on the CuO plane [Cu(2) site]. The parameters in
calculation are set as 7,yy = 0.36, t,yyy = 0.12, t.yy = 0.45,
tep = 0.014, 1.,y = 0.04, 6. = 026, ¢, = 0.22, 4, = 4, = 0.8,
and 4; = 0.15.

quadrupole relaxation rate projected on the chain and plane
bands can be calculated using this two-band model.
Figures 11(c) and 11(d) show the results. The quadrupole
relaxation rate on the CuO chain qualitatively captures the
main features in the experiment: The coherence peak
occurs just below T,.. We emphasize that the conclusions
do not depend on the specific form of interlayer coupling,
as we also achieve the similar results using the single-
particle tunneling model.
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