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Abstract. Anelastic relaxation and *°LaNQR relaxation rates in Lag_,Sr,CuQOy4 for Sr content around 2
and 3 percent are discussed in terms of spin and lattice excitations and of the related ordering processes. It
is argued how the phase diagram of Las_,Sr,CuQOy4 at the boundary between the antiferromagnetic (AF)
and the spin-glass phase (xz = 0.02) could be more complicate than previously thought, with a transition
to a quasi-long range ordered state at 7"~ 150 K, as indicated by neutron scattering data. On the other
hand, the ®*°LaNQR spectra are compatible with a transition to an AF phase around T' ~ 50 K, in
agreement with the phase diagram commonly accepted in literature. In this case the peaks in NQR and
anelastic relaxation rates around 150 K and 80 K respectively in Laj.ggSro.02CuQy, yield the first evidence
of freezing process involving simultaneously lattice and spin excitations, possibly corresponding to motion
of charged stripes.

PACS. 74.25.Dw Superconductivity phase diagrams — 76.60.-k Nuclear magnetic resonance and relaxation

— 62.40.+1 Anelasticity, internal friction, stress relaxation, and mechanical resonances

1 Introduction

From a variety of recent experiments and theoretical
descriptions (mostly motivated by the search of the mi-
croscopic mechanism underlying high-temperature super-
conductivity), it has been realized that the electron sys-
tem in doped two-dimensional (2D) quantum Heisenberg
antiferromagnets (AF) exhibits complicated ordering phe-
nomena. On cooling from high temperatures, first a kind
of phase separation is expected to occur, causing the
formation of charged stripes separating mesoscopic AF
domains [1-3]. In cuprates, in general, the stripes should
exist only dynamically, with slowing down of their motions
on cooling. At lower temperatures freezing of the spin de-
grees of freedom associated to the AF patches [4] causes
the formation of a cluster spin-glass state [5-7]. Further-
more, there is evidence of unusual coupling of the lattice to
charge and spin excitations [8]. For instance, 13°LaNMR
line broadening, for T' < 40 K, in Lay_,Sr,CuO4 (LSCO)
for x = 0.12 (a signature of modulated magnetic order) is
accompanied by softening of sound velocity [9]. Neutron
diffraction, for 0 < z < 0.3, indicates local tilts of octa-
hedra, interpreted as evidence of charged stripes [10], the
local tilt decreasing with increasing x.
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In LayCuOy4-based compounds, charge localization
along stripes and spin freezing have been studied mostly
by means of NMR-NQR and pSR spectroscopies [11,12].
In particular it has been argued [13] that, in the under-
doped regime of LSCO, when diffraction experiments in-
dicate complete ordering, the stripes are still fluctuating
at low frequencies.

LSCO at Sr content around 0.02 is of particular in-
terest, being at the boundary between the 3D-AF and the
spin-glass phase [14]. Neutron scattering data [15] indicate
that quasi-3D magnetic ordering occurs below about 40 K
in the spin-glass state, with a spin structure related to the
diagonal stripe structure.

Motivated by this scenario of interrelated lattice and
spin fluctuation effects, we have carried out a compara-
tive study of LSCO at x = 0.02 and x = 0.03 based on
anelastic relaxation, **LaNQR spectra and relaxation.

Let us qualitatively recall how slowing down of spin
fluctuations and ordering are expected to affect NQR and
mechanical relaxation. Holes or charged stripes motions
cause a time dependence in the hyperfine field h(t) =
> AiS;(t) at the nucleus (S; spin operator at the ith
ion, A; hyperfine coupling tensor). When a characteris-
tic frequency ws becomes of the order of the NQR fre-
quency wy, = 2wq Or wy = 3wq (wq = 276.2 MHz),
a maximum in the spin lattice relaxation rate W driven
by the local time dependence of h(t) is expected. Below
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Fig. 1. Variation of the Young’s modulus at the tetragonal
orthorhombic transitions, normalized in amplitude and plotted
as a function of (T' — Tp), with Ty = 535 K for pure LasCuOq4
and Tp = 495 K and Ty = 468 K for LSCO at z = 0.02 and
x = 0.03 respectively, corresponding to the temperatures where
half of the normalized variation of the Young modulus AE/E
was observed.

this temperature the stripes move very slowly and local ex-
tra magnetic moments p are induced, associated to the 2D
patches of AF correlated regions [4]. On cooling, the co-
operative slowing-down of these moments causes a second
relaxation mechanism. As common for disordered systems,
the correlation function for u(t) can be written in the
approximate form p? exp(—t/m¢(x,T)), with an effective
correlation time 7y which increases on decreasing temper-
ature. At the temperature Ty (x) where 7¢ becomes of the
order of w,! another peak appears in W. In a long-range
ordered AF matrix (in LSCO for z < 0.02) T, should in-
crease about linearly with x, due to the increased strength
of the interaction among the p;’s [6]. On the contrary, for
an amount of doping x which destroys the long range AF
order (cluster spin-glass phase) T, decreases with increas-
ing = [11,16,17]. Finally, SR and *LaNQR measure-
ments pointed out a magnetic transition to a spin-glass
like phase well extending into the doping region yielding
superconductivity in LSCO and YBCO [7,18].

As regards the effects expected in the anelastic relax-
ation, we recall the following. The elastic energy loss co-
efficient Q~', measured by exciting flexural vibrations,

‘Z(’(E:)), where S(w) is the complex dynam-

ics compliance with unrelaxed value S(co). The con-
tribution to the imaginary part of the mechanical sus-
ceptibility is thus given by Q7! = [9"(w)/S(0)]
n[(6A)?/T)watt(w) where n is the atomic fraction of re-
laxing units, each causing a change d\ of the strain and
Jiatt (w) is the spectral density of the motion causing
dissipation [19].

is given by
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Fig. 2. Spectral density of the lattice motion responsible
for the elastic energy loss coefficient in LSCO at Sr content
x = 0.02 as a function of temperature, for three measuring
frequencies.
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Since the motions of the stripes involve sizeable lattice
effects, when the characteristic frequency decreases down
to the kHz range, a maximum in Q™' is detected. Thus,
from a combination of anelastic relaxation and of magnetic
NQR relaxation, one can in principle probe the lattice and
the spin fluctuations associated to the stripe motions. The
investigation reported here was aimed at this purpose.

2 Experimentals results

Two LSCO ceramic samples grown by standard solid state
reaction [20] have been investigated. According to X-ray
diffraction the final amount of Sr were z = 0.022 and
x = 0.032. A more precise estimate was obtained by
detecting the orthorhombic-tetragonal transition in the
Young modulus. The relationship of the transition tem-
perature Ty to the Sr amount was taken as Typ(z) =
535[1 — (1/0.235)x] [14,21]. From the step in the Young
modulus (Fig. 1) at the transition, one obtains Ty =
495 K and Ty = 468 K, corresponding to the Sr amounts
x = 0.019 £ 0.0015 and = = 0.030 £ 0.001 (hereafter
called samples 2 and 3 percent). The structural transition
in LSCO appears even sharper than in pure LasCuOy4
(where some broadening may be attributed to thermal
de-oxygenation, which is less marked in Sr-doped com-
pounds).

SQUID magnetization shows temperature behaviors
typical of spin-glass systems. Small differences between
the field cooled and zero-field cooled data below about
140 K have been attributed to magnetic impurities present
in the powders used for the preparation. These impuri-
ties do not affect the '*LaNQR and anelastic relaxation
measurements.
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Fig. 3. *LaNQR spectra in LSCO at = = 0.02, at represen-
tative temperatures.

In Figure 2 the spectral density of the motions causing
dissipation, detected at the measuring frequencies w/2m =
1.29, 6.9 and 17.2 kHz, in LSCO at x = 0.02 are shown.

The '39LaNQR spectra and relaxation rate have been
measured by standard pulse techniques, irradiating the
line at 2vq (£ 3/2 < £ 5/2 transition) and the one at 3vq
(£ 5/2 < + 7/2 transition). The NQR spectra have
been obtained by sweeping the irradiation frequency vgrr,
Fourier transforming half of the echo signal and reporting
the amplitude at v = vrp. This procedure ensures the best
resolution, avoiding any broadening related to the spectral
width of the RF field.

139LaNQR spectra for the 2vq and the 3vq lines at
representative temperatures, at which we will refer in the
discussion, are shown in Figure 3.

As regards '*°LaNQR relaxation measurements, it
should be remarked that the recovery laws describing the
return of the echo signal at the equilibrium after a fast RF
sequence saturating the correspondent transition (without
affecting the populations of the other NQR levels), are
multiexponential. However in the first decade they differ
only little from a single exponential. The correspondent
effective decay rate 7,! can easily be related to the mag-
netic relaxation rate Wy or to the quadrupolar relaxation
rate Wq due to the time dependence of the electric field
gradients (EFG) at the La site [22]. In the case of relax-
ation driven by the electric quadrupole interaction one has

b = (67/21)Wq
2uq line 7' = (64.5/21)Wq

3vq line
(1)
while in the case of relaxation driven by the time depen-
dence of the magnetic hyperfine interaction one has

3vq line rgl =23 Wn
ol =41.3 Wy (2)

e

2vq line

The temperature dependence of the effective relaxation
rates for LSCO 2 percent are reported in Figure 4.
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Fig. 4. Effective relaxation rates for **LaNQR relaxation in
LSCO at & = 0.02, for the 3vq line and for the 2vq line. The
inset is the blow up of the data for T" < 25 K. The solid line is
the sketch of the temperature dependence for relaxation driven
by underdamped phonons.
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Fig. 5. Spectral densities of the motions responsible of the
elastic energy loss in LSCO at = = 0.03, for three measuring
frequencies.

In Figures 5 and 6 the temperature behaviours of Jiatt (wim )
and of the ?LaNQR relaxation rates for the sample at
Sr content z = 0.03 are reported.

3 Discussion and conclusions

Let us first analyse the experimental findings for anelas-
tic relaxation (Fig. 2), in LSCO 2 percent. On physical
ground one can expect that the motion responsible of the
dissipation have cooperative character. For simplicity we
neglect a possible frequency distribution and assign to the
motion a single characteristic frequency ws. According to
the data in Figure 2, the spectral density of these motions
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Fig. 6. *9LaNQR relaxation rate for the 2vq line in LSCO at
x = 0.03. In the inset the data for 7, ' are fitted according to
the law 7o oc 7/(1 + w2 7?) with 7 oc exp[E/T] with E ~ 58
+2K.
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Fig. 7. Characteristic frequencies as estimated from the max-
ima in Figure 2 (solid circles). The line is the fitting behavior
according to equation (4) in the text, with wo = 4.5 x 10'% s7*
and E = 1650 K. The empty circle are the frequencies de-
duced from the maxima in the *°LaNQR relaxation rates, for
T ~ 150 K (Fig. 5).

has diffusive character:

2wg
Jlatt (Wm) = >

(3)

From the temperature where the maxima occur one can
deduce the values of ws (solid circles in Fig. 7). A good
fit of the data is obtained on the basis of a temperature
behavior of wg of the form

ws = woexp(—E/T) (4)

with wy = 4.5x10'? s~ and E = 1650 K, indicating ther-
mal activation of the motions.
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Fig. 8. NQR relaxation rates of magnetic origin obtained from
the data in Figure 4 after the subtraction of the quadrupolar
background contribution, in LSCO at x = 0.02, for the 3vq
and the 2vq line. The solid lines are the theoretical behav-
iors according to equation (6) in the text (|h|* as adjustable
parameter) by using for ws the form deduced from anelastic
relaxation (Eq. (4) in the text).

The motions involving lattice dissipation are expected
to cause also time dependence in the hyperfine field h(t) =
> AiS;(t) at the nucleus and/or in the EFG component
driving the 13°LaNQR relaxation process. This correspon-
dence between mechanical and NQR relaxation has been
recently demonstrated [19] in pure LagCuOy, in terms of
the overdamped phonon modes describing the tilting of
the oxygen octahedra in a double well potential.

For T > 250 K the 39LaNQR relaxation rates re-
ported in Figure 4 are frequency independent and follow
the law 7,1 oc T? (solid line in Fig. 4). These features
are characteristic of relaxation process driven by under-
damped phonon [23]. An order of magnitude estimate cor-
roborates this conclusion, since for this process one ex-
pected 7,1 =~ 5 x 10772 s~1 [24]. The contribution from
overdamped tilting modes is strongly attenuated in Sr-
doped LayCuQy, as indicated by anelastic relaxation mea-
surement [25]. Some evidence of such a contribution can
be noted around 7" ~ 280 K in Figure 4. Below 250 K 7,
depart from the behavior for relaxation driven by EFG
fluctuations. For temperatures lower than about 180 K in-
fact the comparison of the data for the 3vq and 2vq lines
indicates the insurgence of a magnetic relaxation mecha-
nism. The behavior of 7,1 for T < 230 K is analyzed in
detail in Figure 8, after subtraction of the background of
quadrupole character. Assuming that the modulation of
the hyperfine field h(¢) is due to the same motion causing
the mechanical relaxation, then for

1 .
W= 39° [ (e @h-(O)e "t (3
from equations (2) and (3) one can write
23
(e Davg = 5 V% [2ws/ (w2 + (3wq)?)]

2



A. Campana et al.: Anelastic relaxation and **La NQR in Lag_,Sr,CuO4 53

(v = o P2 (@2 4+ (2007 (6)

where |h|? is an effective mean square value of the field
coupling the Cu?* ions to the La nucleus [12]. In Figure 8
the experimental data for 7, 1’s are compared with the
theoretical behaviors for the relaxation rates according to
equations (6), having used for ws the expression derived
from the anelastic relaxation (Eq. (4)). The maxima are
well reproduced. The departures of the experimental data
from the theoretical expressions in the temperature range
corresponding to slow motions, i.e. ws < wy,, are likely to
be due to the simplifying assumption of a monodispersive
process. Infact, a distribution in wgs implies a flattening
in the relaxation rate around the maximum and a depar-
ture from the behavior for monodispersive process more
marked in the low temperature range, as it appears in the
figure. The relevant fact is that the temperature depen-
dence of wg deduced from anelastic relaxation in the kHz
range supports quantitatively the magnetic NQR relax-
ation rate in the MHz range.

In view of the uncertainty in the phase diagram for Sr-
doped LasCuQOy4 around the “critical” value z = 0.02, one
should take into account the possibility that the maxima
in 7,1 o« Wy around 150 K reflect the slowing down of
spin dynamics on approaching the transition to an ordered
state. Information in this regard can be obtained from the
NQR spectra, since the insurgence of a static field (h) at
the La site is signaled by a splitting A of the resonance
line, proportional to the sublattice magnetization (S). A
clear splitting of the line is noticeable only below about
50 K, close to the transition temperature indicated by neu-
tron scattering [15]. If the width § of a single component
is kept temperature independent the fitting of the spectra
with two Gaussian lines yields an ordering temperature
Tn, where A goes to zero, of about 140 K. The tempera-
ture dependence of the order parameter (S) x (h) would
turn out quite different from the one of a canonical phase
transition to the AF phase, experimentally observed [26]
in pure LasCuQOy.

On the other hand, if the maxima in Wy at 150 K
are taken as an indication of stripe motion at frequency
around wq, then NQR line broadening must be expected
below the temperature at which the frequency becomes of
the order of the line width itself, about 200 kHz, namely
around 110 K according to Figure 7. An experimental
support to the hypothesis that the intrinsic linewidth
é is temperature dependent comes from the comparison
of the spectra at 2vq and at 3vqg (Fig. 3). The ratio
(521,Q (T = 77 K) / (521,Q (T = 177 K) = (210 kHz ) /
(183 kHz) = 1.15 is the same as the one for the 3vq
line: 63,4 (T = 77 K) / 3, (T = 177 K) = (320 kHz ) /
(280 kHz) = 1.15. One also has 63,, = (3/2) d2,,. These
data are not compatible with an effect due to a magnetic
field (h), that would cause an extra broadening of the
same amount for both the 2vq and the 3vq lines. Thus,
if a moderate (of the order of 15-20%) temperature de-
pendence for the single component linewidth ¢ is allowed,
then the NQR spectra indicate Ty ~ 50 K. This value is in
substantial agreement with the phase diagram commonly

accepted in literature [14]. One could speculate that at
this temperature a small bump, consistent with slowing-
down of spin dynamics, is observed in the relaxation rates
(Fig. 4). On cooling, the relaxation rate exhibits a maxi-
mum at a temperature around 7" = 9 K, due to the spin
freezing. Also the recovery plots, showing evidence of de-
parture from an exponential recovery towards the t1/2 law,
support the conclusion that the spin-glass quasi-freezing
temperature has been reached.

We compare now the experimental findings in the sam-
ple at the boundary between the AF and the spin-glass
phase with the one at x = 3 percent, well within the lat-
ter phase. The anelastic relaxation shows a temperature
behavior similar to the one for = 2 percent (Fig. 5). The
peaks attributed to the stripes motion are attenuated by
a factor of about two. The ?LaNQR relaxation rates
(Fig. 6) indicate the typical freezing of the spin fluctua-
tions in a spin-glass state. The maximum in Wy occurs
at T = 8 K, in agreement with the phase diagram by
Cho et al. [16,21].

The relaxation rate measured at 2vq reaches a value
about twice the one reported in previous measurements
[16,27,28] at 3vq, consistent with a magnetic relaxation
mechanism. The temperature behavior of 77! is rather
well fitted by a correlation time of the form 7 o exp[E/T],
the departure of the data for T' < T, (slow motion regime)
resulting from the distribution of 7’s, typical of the spin-
glass state. One should remark that for x = 0.03 also
magnetic measurements [29] yield evidence of the occur-
rence of a canonical spin-glass state. One the contrary, the
relaxation data in the sample z = 0.02 (see inset in Fig. 4)
can hardly be described by a temperature behavior of 7 of
the form 7 o exp[E/T], again pointing out the particular
character of this “critical” concentration.

In summary, in this paper, anelastic and NQR relax-
ation and NQR spectra have been combined in the at-
tempt to derive insights on spin and lattice excitations
driving the ordering processes in LSCO. The experimen-
tal findings have been discussed within two interpreta-
tive frameworks. On one side it could be possible that the
phase diagram around the Sr content x = 0.02 separating
the AF and the spin-glass phases is more complex that
previously assumed, with a quasi-long range ordering tem-
perature as high as 150 K, corroborating recent neutron
scattering measurements [15] and qualitatively agreeing
with the extrapolation at x = 0.02 of a magnetization
study [29] carried out in samples at « = 0.03, 0.04 and
0.05. The order parameter of such a transition, derived
from the splitting of the '3°LaNQR line, would be char-
acterized by an unconventional temperature dependence.

On the other hand, the NQR spectra can be inter-
preted as indicating a transition to the AF phase around
T =50 K, in agreement with the phase diagram commonly
accepted. In this case the anelastic and La NQR relaxation
rates around 7' = 80 K and T = 150 K respectively, are
the first direct experimental evidence of low frequency mo-
tions of charged stripes simultaneously involving spin and
lattice excitations. The thermal depinning barriers and
the characteristic “diffusive” frequencies are then derived,
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and they do not differ much for Sr content 0.03. In the
low temperature range a spin freezing process is detected,
with a dramatic increase of the *?LaNQR relaxation rate
on cooling, a stretched exponential recovery and a low
temperature behavior of the relaxation rate typical of a
cluster spin glass phase for x = 0.02 and of a canonical
spin glass for x = 0.03.
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