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Ultraslow fluctuations in the pseudogap states of HgBa,CaCu,0¢ s
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We report the transverse relaxation rates 1/T5’s of the ®*Cu nuclear spin-echo envelope for double-layer
high-T; cuprate superconductors HgBa,CaCu,O¢. s from underdoped to overdoped. The relaxation rate 1/ 75, of
the exponential function (Lorentzian component) shows a peak at 220-240 K in the underdoped (7, = 103 K) and
the optimally doped (7. = 127 K) samples but no peak in the overdoped (7. = 93 K) sample. The enhancement in
1/ T, suggests a development of the zero frequency components of local field fluctuations. Ultraslow fluctuations

are hidden in the pseudogap states.

DOI: 10.1103/PhysRevB.95.094501

I. INTRODUCTION

Normal state precursory diamagnetism [1-3], a magnetic-
field-induced charge-stripe order [4], and a short-range charge
density wave order [5,6] have renewed our interests in the
pseudogap states of high-7, cuprate superconductors. The
nature of the pseudogap state has been one of the central issues
in studying strong correlation effects.

We focus on the transverse relaxation of nuclear spins in
the system. For the typical high-7;. cuprate superconductor
YBa,Cu307 in a static magnetic field along the c¢ axis,
the plane-site Cu nuclear spin-echo transverse relaxation is
caused by indirect nuclear spin-spin coupling via electron spin
fluctuations and the nuclear spin-lattice relaxation process
due to electron spin fluctuations [7,8]. Static nuclear spin-
spin coupling leads to a Gaussian relaxation function with
a time constant T,g, that is, a spin-echo amplitude E(r)
at time ¢ as E(t) «x exp —%(t/ )1 [7,8]. Electron spin
fluctuations lead to a single exponential relaxation function
with a time constant 73 (77 process) associated with a nuclear
spin-lattice relaxation time 7} using the Redfield theory, that is,
E(t) o exp(—t/T>) [7,9]. The Cunuclear spin-echo transverse
relaxation curve is expressed by the product of the exponential
and Gaussian functions in the static limit of 77>>T»g, that is,
E(t) = E(0)exp[—t/T> — 5(t/Tx)*].

The nuclear spin-lattice relaxation rate divided by tem-
perature 1/T,T is associated with the low frequency part
of the dynamical spin susceptibility x”(q,w) (¢ is a wave
vector, and w is a frequency) of unpaired electrons [10],
while the Gaussian relaxation rate 1/T,g is associated
with the static staggered spin susceptibility x'(Q) (Q is
the antiferromagnetic wave vector) [8,11]. x'(Q) is re-
lated to x”(Q,w) through the Kramers-Kronig relation.
The temperature dependence of x'(Q) through 1/Tg for
the high-T; cuprate superconductors tells us the d,>_,> wave
pairing symmetry in the superconducting state [12], the self-
consistently renormalized spin fluctuation effects on the Curie-
Weiss-type antiferromagnetic correlation length [13], and the
spin-pseudogap spectrum [12,14]. Dynamic scaling laws on
x"(q,w) for low-dimensional antiferromagnetic Heisenberg
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systems have been tested by measurements of 1/ T,g [15,16].
Thus, the Gaussian decay rate 1/T,g has provided us with
rich information on the microscopic properties of the cor-
related materials. In this paper, however, our main concern
is a transverse relaxation time 7, due to the 7| process
(Lorentzian component) but not the Gaussian decay time
TxG.-

To be exact, a longitudinal nuclear (spin-lattice) relaxation
time 77 and a transverse relaxation time 7, (7] process)
are caused by different frequency parts of the local field
fluctuations [10]. For convenience, let us assume a nuclear
spin I = % T, probes the transverse fluctuation J, (v,) at a
Larmor frequency v, as 1/7T} = 2J, (v,), while T, probes the
additional longitudinal fluctuation at the zero frequency as
1/T, = 1/2T, + Jy(0) [9,10,17]. Zero frequency fluctuations
represent ultraslow dynamics of the system, e.g., glassy nature
and frustration effects. Glassy charge-spin stripe orderings
with ultraslow fluctuations and wipeout effects have been ob-
served by nuclear quadrupole resonance (NQR) measurements
for the La-based 214 family [18-20].

If the longitudinal fluctuation at zero frequency is equal
to that at the Larmor frequency as Jj(0) = Jy(v,), 1> can
be estimated from 7; using the Redfield theory [9]. The
T, estimated from the experimental 7; is denoted as TR,
after Ref. [7]. The experimental 7, in the exponential time
development of the transverse relaxation function is denoted
as TZL.

HgBa,CaCu,0¢5 (Hgl1212) is a double-CuO,-layer sys-
tem of the high-7, cuprate superconductors [21]. The opti-
mized 7, of about 127 K is the highest among the reported
double-layer cuprate superconductors, which is associated
with the flatness of the CuO; planes in a unit cell [21,22].
Not only high 7¢ but also large-scale pseudogaps turned out
to characterize Hgl212 even at the optimally doping level
through Cu NMR studies [14].

In this paper, we report the ®*Cu nuclear spin-echo
transverse relaxation rates for Hg1212 with 7, = 103 K at the
underdoping level, 127 K at the optimally doping level, and
93 K at the overdoping level. We found a strong enhancement
in the transverse relaxation rate 1/75; of the exponential
function at 220-240 K for the underdoped and optimally doped
samples, which could not be explained by anisotropic ®*Cu
nuclear spin-lattice relaxation times. The peak in 1/7,;, at
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FIG. 1. (a) Central transition lines (I, = % < —%) of field-swept
quadrupole-split *Cu NMR spectra (B || ¢ axis and B L ¢ axis) for
the optimally doped Hg1212 (7, = 127 K) at 140 K and 85.2 MHz.
Transverse relaxation curves E(27) of the ®*Cu nuclear spin echoes
for (b) B || ¢ axis and (¢) B L c axis.

220-240 K suggests the emergence of different zero frequency
fluctuations in the pseudogap states.

II. EXPERIMENTS

NMR experiments were performed for magnetically ¢
axis aligned powder samples of Hg1212. The samples were
prepared and characterized in Ref. [22]. A phase-coherent-type
pulsed spectrometer was utilized to perform the Cu NMR
(nuclear spin I = %) experiments at 85.2 MHz (~7.45 T).
Most of the % Cu NMR results have already been published in
Ref. [14], except for the present 7, data. The time development
of the ®*Cu nuclear spin-echo envelope was measured by
recording the spin-echo amplitude E(27) following a sequence
of w/2-t-m pulses.

The ®*Cu nuclear spin-echo transverse relaxation curves
E(27) were analyzed by

2t 1/27)\*
E(2t) = E(0)exp _E_§<E> f2o, @

where E(0), T»., and T5g are the fitting parameters [7]. f(27)
is the correction function of the I, fluctuation effects and
In f(27) consists of the higher-order terms of 7> and t* given
in Refs. [23,24]. The Gaussian decay rate 1/ T»g is a measure
of the indirect nuclear spin-spin coupling constant [7,8,11].
The present Gaussian decay rates 1/7,g’s were estimated
by including the correction of the I, fluctuation effect. The
uncorrected 1/ T»g’s, being overestimated, have been reported
in Ref. [14]. We also report 1/ T, .

Figure 1(a) shows the central transition lines (I, = § <> —1)
of the field-swept quadrupole-split *Cu NMR spectra in an
external magnetic field B along the oriented ¢ axis (B || ¢) and
perpendicular to the ¢ axis (B L ¢) for the optimally doped
Hgl212 (T, = 127 K) at 140 K and 85.2 MHz. The full width
at half maximum of the central transition line is about 76 G for
the B || ¢ axis and about 230 G for the B L ¢ axis. The 7/2
pulse of H; ~ 100 G can excite all the relevant nuclear spins
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FIG. 2. (a) Transverse relaxation curves E(27) of the ®Cu
nuclear spin echo for the optimally doped Hgl1212 (7, = 127 K)
at 130, 240, and 300 K (B || ¢ axis). Solid curves are the least-
squares fitting results using Eq. (1). As visual guides, dashed lines
indicate single exponential functions with 75 isolated from Eq. (1).
(b) Transverse relaxation curves E(27) of the %*Cu nuclear spin echo
at 130, 240, and 300 K (B L c axis). Solid lines are the least-squares
fitting results using a single exponential function.

for the B || c axis. No H; dependence of the spin-echo decay
was also observed for the B L ¢ axis.

Figures 1(b) and 1(c) show the ®*Cu nuclear spin-echo
transverse relaxation curves E(2t) of the central transition
lines for the B || ¢ axis [Fig. I(b)] and B L c axis [Fig. 1(c)].
Solid curves are the least-squares fitting results using Eq. (1).
The Gaussian component for the B L ¢ axis was negligible,
which indicates a weak-coupling constant of 74/ (the in-
plane components of the nuclear spin /) and no contribution
from the nonsecular mutual spin-flip terms [25,26].

Figure 2 shows the temperature dependence of the ®*Cu
nuclear spin-echo transverse relaxation curve E(2t) for the
B || ¢ axis [Fig. 2(a)] and for the B L ¢ axis [Fig. 2(b)]. In
Fig. 2(a), solid curves are the least-squares fitting results using
Eq. (1). For the B || c axis, the initial decay of E(27) at 240 K
is faster than that at 130 and 300 K, which is shown by the
dashed lines. In Fig. 2(b), solid lines are the least-squares fitting
results using a single exponential function. For the B L ¢ axis,
the exponential decay of E(27) at 240 K is faster than that at
130 and 300 K.
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FIG. 3. Transverse relaxation rates (1/7Ts)ce, (1/Tg)ee, and
(1/ Ty )gp of the Cu nuclear spin echo for the optimally doped
Hgl1212 (T, = 127 K). The dashed line indicates 7, = 127 K.

III. TRANSVERSE RELAXATION RATES

Figure 3 shows ®Cu nuclear spin-echo transverse re-
laxation rates (1/7T>0)ce, (1/T2G)ce, and (1/T5p)ap for the
optimally doped Hg1212 (T, = 127 K). The subscript index «
(= a,b,c) stands for the orientation of an external magnetic
field B along the o axis. (1/T5). is the relaxation rate
for the B L ¢ axis. Both (1/7T5).. and (1/7T51).» show an
enhancement at 220-240 K, which we call the 7, anomaly.

For the central transition line (I, = % <~ —%) of a nuclear
spin I = %, the transverse relaxation rate (1/751),, is ex-
pressed as

(%) = Do)+ g+ 1y 0, @)
2L/ 3y

where J,,(v,) (o, B,y is the cyclic permutation of a,b,c) is
the & component of the local field fluctuations at the NMR
frequency v, [9,10,17,27,28]. Juo(v,) is expressed by the
hyperfine coupling constants A,, and the electron spin-spin
correlation function Sy (q,v),

o) =Y Aua(q)*Sua(g,vn), 3)
q

where S, (q,v) is related to the dynamical spin susceptibility
x"(q ,w) through the fluctuation-dissipation theorem [9,10,17].
The nuclear spin-lattice relaxation rate (1/77),, is expressed
as

1

<F> = Jua(Vn) + Jﬁﬂ(vn)- 4
Voyy

A conventional fluctuation spectrum is independent of the

frequency in the NMR frequency region and then J,,, (0) =

Jyy (vy) should hold. If J,,,,(0) = J,,,,(v,), 1/ T>. should agree

with the Redfield relaxation rate 1/T5r in Refs. [7,27,29]
from the anisotropic 7;’s. We estimate 1/ T>r from

(@)~ 7, o
T2R cc B T] cc TI azb7
(L) =2(L) +(2) ©
T2R ab_2 Tl ab 2 T] cc’
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FIG. 4. (a) ®Cu nuclear spin-lattice relaxation rates (1/7;).. and
(1/T\)ap for the optimally doped Hgl1212 (T, = 127 K). (b) ®*Cu
nuclear spin-echo transverse relaxation rates (1/ 71 ). and (1/ 751 )gp-
(1/Tor)ee and (1/ Tor).. were estimated using the Redfield theory [9]
from the anisotropic 7} ’s in (a). The dashed line indicates 7, = 127 K.

according to uniaxially symmetric fluctuations (J,, = Jpp is
then denoted by J,,;) [7,27,29-32]. (1/ Tar)ap is the relaxation
rate for the B | c axis.

Figure 4(a) shows ®*Cu nuclear spin-lattice relaxation rates
(1/T)cc.ap for the optimally doped Hgl212. No frequency
dependence was observed at 85—115 MHz. Figure 4(b) shows
93 Cunuclear spin-echo transverse relaxation rates (1/ Ta1)cc.ap
and the Redfield relaxation rates (1/ 7R )cc.qp €Stimated from
the anisotropic 7} using Eqs. (5) and (6). In Fig. 4(b), the
enhancement in (1/731),, at 220-240 K is not reproduced
from (1/T2R)yy .

Let us define AJ,, as

1 1
Ay =(—) —(=—) . )
" (T2L>w <T2R>w

which can be a criterion to test whether the characteristic fluc-
tuation frequency is higher or lower than the NMR frequency.
Figure 5 shows the temperature dependences of AJ.. and AJ,;,
for the optimally doped Hg1212. For the B || ¢ axis, AJ. is
equal to J..(0) — J..(v,). Figure 5 indicates AJ. > 0 and
J.c(0) strongly enhanced at 220-240 K. The characteristic
frequency should be lower than the NMR frequency. Different
ultraslow fluctuations develop in the pseudogap state.
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FIG. 5. AJ.. and AJ,, against temperature for the optimally
doped Hg1212.

Isotope measurements could be helpful to specify whether
the relaxation mechanism is magnetic or electric, because the
isotope ®*Cu has a smaller quadrupole moment than ®*Cu while
the nuclear gyromagnetic ratio is larger. However, since our
Ty values of >Cu were not conclusive due to the poor signal
intensity, the effects of the charge fluctuations are unclear.

Figure 6(a) shows (1/T51). against temperature for
Hgl1212 from underdoped (7. =103 K) to overdoped
(T. =93 K). Figure 6(b) shows the doping dependence of
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FIG. 6. (a) Doping dependence of (1/T».).. against temperature
for Hg1212 from underdoped (7. = 103 K) to overdoped (7. =
93 K). (b) Doping dependence of (1/7;).. against temperature for
Hg1212 from underdoped (7. = 103 K) to overdoped (7. = 93 K).
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(1/Ty).. against temperature. The doping dependence of
(1/TsL)cc is different from that of (1/77)... The peak temper-
ature of (1/75).. is nearly independent of the doping level,
but the enhancement in (1/ 75 ). is suppressed by overdoping.
The peak temperature of (1/751).. is similar to but deviates
from the spin-pseudogap temperature defined by the maximum
of the ®Cu 1/T, T [14].

IV. DISCUSSIONS

As the carrier concentration increases, the spin-pseudogap
temperature of ®*Cu 1/7,T decreases and the peak value
increases [14], being in contrast to (1/751).. in Fig. 6(a).
Thus, the local field fluctuations causing BCu (1/To)ce at
220-240 K must be different from those causing **Cu 1/7;T.

For Hg1212, we infer an ultraslow fluctuation spectrum of
X (@) = x0T L(g)/[0 + T2(gE)] (@ = 27v) with
a characteristic energy scale I';(g€) < 2mv, (an ultraslow
condition) and a correlation length & [33], in addition to the
antiferromagnetic spin fluctuation model [34-36]. Then, we
obtain 1/ 7T} <« x.(0)/ T'L(0) ~ 1/T5., which shows a peak at
220-240 K for Hg1212.

The emergence of ultraslow fluctuations has been reported
near the charge-spin stripe ordering temperature and the phase
boundary in La-based 214 systems (LSCO) [18-20,33]. The
wipeout effect on NMR/NQR signals is also characteristic of
LSCO [18-20]. Hg1212, however, shows no wipeout effect
on the Cu NMR spectrum nor any glassy behavior in the
pseudogap state. The 7, anomaly of Hg1212 is a homogeneous
phenomena.

In La;¢_,Ndg49Sr,CuQy, the transverse relaxation rate
1/'T, of the '¥La nuclear spin shows a peak at about
20 K above T, and below the charge ordering temperature
Teharge ~ 70K [18],and 1/ 637, of the ®*Cu nuclear spin shows
a peak at about 15 or 50 K [19]. In La; ggEug20Srg.12CuQy,
the '*°La nuclear spin-lattice relaxation rate 1/3°T; also
shows a peak above 7. and below Teparge, While #Cu 1/93T;
shows a weak upturn on cooling below Tiparge [19,20]. The
139La nuclear spin plays a role in detecting lower frequency
fluctuations than the ®*Cu nuclear spin. The difference
in the relaxation rates between '*°La and ®*Cu for (Nd,
Eu)-doped LSCO is parallel to that between *Cu 1/%3Ty
and 1/97T, for Hgl212 in Fig. 6. For the time being, it
is unlikely that Hgl212 is in a charge ordering state at
220-240 K, because the high electrical conductivity shows a
metallic behavior [37,38]. The ultraslow fluctuation spectrum
X/ (q,w)/w of Hg1212 may be a part of the charge-spin stripe
fluctuation spectrum but should describe a purely fluctuating
stripe.

Recent experimental efforts have revealed several hidden
orders in the pseudogap states: quadrupolar fluctuations below
200 K in YBa,CusOg [39], the onset Tcpw of a short-
ranged charge density wave [5,40], the development of an
intra-unit-cell local magnetic order [41], and the onset of
finite Kerr rotations [42]. The 7, anomaly of Hg1212 may
correspond to one of these short-ranged orders, because
(1/T>1).c shows a peak but not divergence. These findings
suggest that the pseudogap state is not a simple spin-singlet
state.
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V. CONCLUSIONS

In conclusion, we found enhanced zero frequency local field
fluctuations at 220-240 K for Hg1212 in the pseudogap states
through ®*Cu nuclear spin-echo transverse relaxation, which

PHYSICAL REVIEW B 95, 094501 (2017)

suggests the emergence of ultraslow fluctuations. Interesting
ultraslow fluctuations without any glassy behavior are hidden
in the pseudogap states.
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