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Hidden magnetism at the pseudogap critical point
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The nature of the pseudogap phase of hole-doped cuprate superconductors is still not understood fully. Several experiments
have suggested that this phase ends at a critical hole doping level p*, but the nature of the ground state for lower doping is still
debated. Here, we use local nuclear magnetic resonance and bulk ultrasound measurements to show that, once competing effects
from superconductivity are removed by high magnetic fields, the spin-glass phase of La,_,Sr,CuO, survives up to a doping level
consistent with p*. In this material, the antiferromagnetic-glass phase extends from the doped Mott insulator at p = 0.02 up to
p* =~ 0.19, which provides a connection between the pseudogap and the physics of the Mott insulator. Furthermore, the coincidence
of the pseudogap boundary with a magnetic quantum phase transition in the non-superconducting ground state has implications
for the interpretation of other experiments, particularly for transport and specific-heat measurements in high magnetic fields.

after three-dimensional Néel order disappears upon hole dop-
ing (p), there are still remnants of spin order at low temperature
(T) in the form of a glass-like freezing of incommensurate antifer-
romagnetic correlations’”. However, the importance of the coex-
istence of incommensurate spin order with superconductivity has
been unclear. The glass-like characteristics and material-dependent
phase boundaries of this ‘antiferromagnetic glass’ suggests that it is
favoured by disorder'®", and that it is not unequivocally connected
to either charge order, the pseudogap phase or superconductivity.
In La, Sr.CuQ,, the antiferromagnetic glass is favoured by
charge-stripe (uniaxial charge-density wave) ordering at around
p=x=0.12 and is clearly observed up to a maximum dop-
ing p,,~0.135 (Fig. 1)**. The persistence of spin freezing up to
p*~0.19 in samples doped with planar impurities has led to the
hypothesis that the ground state of the pseudogap regime is an anti-
ferromagnetic glass® and that antiferromagnetic correlations exist
only below p*; that is, within the pseudogap phase'”. However, the
results on which this hypothesis is based are controversial” and their
interpretation is debatable, as the introduction of impurities in the
CuO, planes, while weakening superconductivity, also favours the
freezing of antiferromagnetic fluctuations in the normal state'>'*.
Furthermore, a model in which glassy freezing is connected with
the pseudogap faces difficulties, among which are the persistence of
antiferromagnetic correlations above p* (ref. °) and the disappear-
ance of spin freezing well below p* in most cuprates (p,,=0.08 in
YBa,Cu,0, (refs. *%)).
Here, we follow a different approach, without planar-impurity
doping, to shed light on these fundamental issues. When supercon-
ductivity is quenched with high magnetic fields, we find that the

| xtensive studies of cuprate superconductors'” have shown that,

antiferromagnetic glass of La, ,Sr,CuO, extends from the weakly
doped insulator up to the pseudogap boundary p*. Specifically,
previous neutron scattering studies showed that a magnetic field
B enhances static magnetism for p~0.10-0.12 and even induces it
for p~0.145 (refs. '), but not at higher doping at which only the
finite-energy spectrum is affected'**. Here, using much higher field
strengths, we discover that static or quasi-static magnetism actually
persists well above p~0.145 but not across the whole phase dia-
gram; in fact, only up to a doping value consistent with p* ~0.19, the
critical doping of the pseudogap phase.

To provide a benchmark for measurements near p*, we first
report '¥La nuclear magnetic resonance (NMR) and ultrasound
results for the doping p=0.148 at which magnetism should be
field dependent'®'® (see Methods for experimental and sample
details). Glassy freezing is typically seen in NMR as a broad peak
in the nuclear spin-lattice relaxation rate 1/T, versus T, when the
inverse correlation time of spin fluctuations z.~' matches the NMR
frequency wyyy ~ 10'-10> MHz (refs. >>*'-*). Such a peak, defin-
ing a freezing temperature T; at the NMR timescale, is seen in our
high-field data and disappears at low fields (Fig. 2). The spatial het-
erogeneity that typifies spin glasses in La,_ Sr.CuO, with x < 0.135
(refs. %) is also present here, as shown by the large distribution of
T, values (see Methods and Extended Data Fig. 1).

Our high-field ultrasound data (Fig. 2) also indicate the presence
of a spin-glass state: a softening (decrease) in the sound velocity
Av/v, followed by a hardening (increase), is observed upon cool-
ing, as in canonical spin glasses (see ref. > and Extended Data Fig. 2
for more details). Unlike in NMR, the temperature T, at which
the sound velocity is minimum is not simply defined as the tem-
perature at which 77! matches the ultrasound frequency. In fact, the
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Fig. 1| Quasi-static magnetism in the pseudogap state of La,_,Sr,CuO,.
Temperature-doping phase diagram representing T, the temperature

at which the the sound velocity is minimum, at different fields. Because
superconductivity precludes the observation of T, in zero field, the dashed
line (brown area) represents the extrapolated T,,,(B=0). Although not
exactly equal to the freezing temperature T; (see Fig. 2), T..., is closely tied to
T;and so is expected to have the same doping dependence, including a peak
around p=0.12 in zero or low fields (ref. ?). The thick black line that runs
nearly vertically from p*=0.19 at T=0 is the pseudogap temperature T*.
Onset temperatures of charge order are from ref. *? (hexagons) and ref.
(squares). AFM glass, antiferromagnetic glass.

condition 7. = 1 corresponds to an inflexion point in Av/v(T) (see
Extended Data Fig. 2). This is why T,, is always slightly higher than
T; defined from NMR (and this is not an effect of frequency, which
is very similar for the two techniques). For p=0.148, the maximum
in 1/T, at B=34 T is found at T;=7+1 K, whereas T,,,=10+2 K
(Fig. 2). Note that all ultrasound data presented here were obtained
in the transverse acoustic mode (c;; — ¢;,)/2. The spin-stripe pat-
tern of La, Sr,CuQ, inferred from neutron scattering data'*"* is
indeed prone to coupling with orthorhombic strains generated by
this mode.

What we detect here is not a true phase transition as a function
of temperature but an apparent freezing at the experimental (MHz)
timescale: the moments continue to slow down (typically exponen-
tially) on cooling below T;and become truly static at much lower tem-
peratures, if not only at T=0. In principle, the temperature at which
the staggered moments fluctuate more slowly than the *La NMR
linewidth of order 1 MHz can be detected as a line broadening®.
However, this effect can be measured only for fields applied parallel
to the ordered moments; that is, in the CuO, planes. Therefore, it is
impossible to measure the ordered moment here as freezing occurs
only for perpendicular fields (Fig. 2b and Extended Data Fig. 3).

We next investigated whether glassy freezing can be detected at
higher doping. For doping levels p=0.155-0.188, data from both
techniques are qualitatively similar to that for p=0.148 (Fig. 3g).
A softening is observed in ultrasound upon cooling at low tem-
peratures in high fields, although at lower temperatures than for
p=0.148. In Fig. 3, we plot 1/T,T instead of 1/T; to better highlight
the difference compared to the normal state at which 1/T,T is con-
stant just above T.. Data for 1/T, versus T are displayed in Extended
Data Fig. 5. Although a peak in 1/T, versus T is not observed for
p=0.171 at our highest field, 1/T,T values are much higher than
expected from an extrapolation of the normal state values (Fig. 3¢),
thus showing that the effect of the field is not just to close the super-
conducting gap.

At base temperature (T ~ 1.5 K), both 1/T, and (Av/v)™" grow
with field strength (Fig. 4a,b) but the field scale required to observe

this increase grows with doping (see also Extended Data Fig. 3).
This is visualized in the doping dependence of the field scale By,
that characterizes the onset of slow spin fluctuations (Fig. 4c and
Methods). Typically, By, is the field above which an elastic response
should appear in neutron scattering. At p~0.17, By,,~30 T is
already as high as roughly two-thirds of the upper critical field B,
(as defined from transport measurements, Supplementary Fig. 2).
The existence of a doping-dependent field scale By, (most clearly
seen in the ultrasound data in Fig. 4b) suggests that the critical dop-
ing at which the antiferromagnetic glass appears at T=0 is shifted
towards lower doping levels by superconductivity**".

The above results are consistent with theories’** in which spin
order competes with superconductivity: the competing order is
enhanced in and around vortex cores and progressively takes over
superconductivity as the field, and thus the vortex density, increases.
The absence of spin freezing when B is parallel to the CuO, planes
(Fig. 2b and Extended Data Fig. 3g) is consistent with the idea that
magnetism is primarily induced by the weakening of superconduc-
tivity, not by the field itself.

There is, however, a fundamental aspect of the data that could
not be anticipated by phenomenological theories of competing
orders®®’: the competition is found to be a property of the pseu-
dogap phase because field-dependent freezing ends at a doping
p=p*, as summarized in the phase diagram (Fig. 1). We draw this
conclusion from the fact that the results for p~0.21 > p* (Fig. 3
and Extended Data Figs. 3,8) are qualitatively different from those
for p<0.19, without any evidence of field-dependent magnetism:
the saturation of 1/T, above 40 T~ B, at values close to those of
the normal state shows that the modest field dependence is now
entirely accounted for by the closure of the superconducting gap.
Furthermore, extrapolation of By, data to higher doping levels sug-
gests that B,,,, if present, should be around 50 T for p=0.215. As
this is well below the maximum field (85 T) achieved during the
ultrasound experiments, any field-dependent magnetism in this
sample should have been detected. This shows that the field scale
By, 1O longer exists at p=0.215 and no field-dependant spin freez-
ing occurs at this doping level. Moreover, the absence of spin freez-
ing for p > p*is also observed by ultrasound attenuation as shown
in Extended Data Fig. 8: the attenuation at p=0.215 has a negligible
field dependence, whereas an attenuation peak signalling magnetic
freezing develops in high field for p=0.168.

Therefore, it appears that once superconductivity is quenched
in high fields, the boundary of the pseudogap phase at T=0 is
concomitant with a quantum phase transition from glassy antifer-
romagnetic order to a correlated metal with only short-lived anti-
ferromagnetism. This is our main finding and below we explore its
implications and possible interpretations.

An antiferromagnetic quantum critical point (meaning a
second-order quantum phase transition) hidden by superconduc-
tivity has been observed previously in a heavy-fermion metal* and
in an electron-doped cuprate”. Therefore, it would be tempting to
infer that the cuprate pseudogap ends at such an antiferromagnetic
quantum critical point. However, there are two reasons to not do
so. First, we do not know whether the observed quantum phase
transition at p* is first or second order: our experiments measure
neither the spin-spin correlation length nor the ordered moment
(see above), and they provide no evidence of a possible phase
separation between magnetic and non-magnetic regions in each
sample®. Second, the interpretations of refs. *** (above) might
also have been applied here if spin order appeared sharply at the
pseudogap onset temperature T*. However, this is not the case: spin
fluctuations progressively slow down on cooling and freeze at tem-
peratures that are one to two orders of magnitude lower than T*.
In La-based cuprates, spin and charge orders are generally inter-
twined”, such that the freezing temperature of the spin glass, T,
is enhanced by charge order around 1/8 doping>”. Within this
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Fig. 2 | NMR and ultrasound signatures of field-dependent glassy freezing in La, g:,Sr,,,sCuO,. a, *°La 1/T, versus temperature at different fields (applied
parallel to the crystallographic c axis). The broad peak in 1/T; is characteristic of the continuous slowing down of spin fluctuations, with a correlation time
diverging towards T~ 0 (typically r.=t, exp(E,/ksT) with an activation energy E,). The peak amplitude decreases and its width increases with decreasing

B such that the peak is no longer discerned at low fields. We notice that 1/T, varies with field strength between 25 and 34 T at T > 10 K where the sample
should be in the normal state (at finite temperatures and fields, T_is no longer a true phase transition and thus it is experimentally ill-defined). This field
dependence may arise from several effects or from a combination thereof: first, spin freezing may compete with superconducting fluctuations, thus leading to
a field dependence above T. and/or above the resistive B, and, second, there is probably a distribution of B, values originating from doping inhomogeneity“®
and/or from indirect effects of disorder*“%. b, *°La 1/T, versus temperature at B=19 T applied parallel or perpendicular to the c axis. For B L ¢, 1/T, drops
strongly below T, as expected for a superconductor, without any sign of enhanced spin fluctuations. ¢, Sound velocity Av/v in the (¢, - ¢;,)/2 mode versus
temperature at different fields (applied parallel to the c axis), after subtraction of a lattice background (see Methods). In spin glasses, the softening (decrease
of Av/v upon cooling) mirrors the increase of a susceptibility above the freezing temperature T; (ref. %°). There is a minimum in Av/v at T, before the lattice
hardens upon further cooling through T; (see text and Extended Data Fig. 2). Such a dip in Av/v has been reported earlier in La, 4,Sr,,,CuO, at lower fields*’
and was interpreted as the result of a competition between a structural instability (producing a softening above T.) and superconductivity (producing a
hardening below T.). Our measurements up to 64 T show that the minimum in Av/v cannot be due to superconductivity as it gets deeper and is shifted to
higher temperatures as the field increases. Dashed lines connecting the data points are guides to the eye.
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Fig. 3 | Doping dependence of spin freezing in high fields. a-d, *°La 1/T,T versus temperature at different fields and hole doping levels. For p=0.21,1/T,
saturates in high fields at values extrapolated from T > T, meaning that the field effect on 1/T, arises from the closure of the superconducting gap. Notice
that 1/T, values for this compound are extrinsically high owing to lattice fluctuations at low temperature (Extended Data Fig. 4). e-h, Sound velocity

Av/v versus temperature at different fields and hole doping levels. For p=0.168 and 0.188, Av/v at B=20 T increases upon cooling and saturates at low
temperature. This behaviour is explained by the coupling of superconductivity with the lattice (see Methods). With increasing B, this superconducting
contribution to the sound velocity is reduced and a lattice softening develops. For p=0.215, Av/v shows almost no temperature dependence upto 80 T
and down to 1.5 K. Notice that, although we detect slow spin fluctuations up to p=0.188, freezing at the NMR or ultrasound timescales (both in the MHz
range) is not reached in two of our datasets: for p=0.171,1/T,T is anomalously enhanced in high fields (c and Fig. 4a), but there is no peak of 1/T, versus T

even at 45 T (Extended Data Fig. 5). For p=0.188, we observe a lattice softening but not the hardening that signals the frozen state, at least down to 1.5 K
in a field of 80 T. Dashed lines are guides to the eye.
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Fig. 4 | Field dependence of quasi-static magnetism. a, Field dependence of *°La 1/T, at T=1.7 K for p=0.171 (see Extended Data Fig. 3 for additional doping
levels). The arrow points to the onset field of slow spin fluctuations By, (defined so as to match the neutron onset field for p=0.148 (ref. ), as explained in
the Methods section). b, Field dependence of (Av/v — o)™ + x,' (in arbitrary units (a. u.)) for p=0.188 and T=1.5 K (>T,,,.), where y, is a doping-dependent
constant (see Extended Data Fig. 3 for additional doping levels). Av/v is almost field independent at low fields, but above a doping-dependent onset field
B, (indicated by an arrow), it shows a clear 1/B dependence. Note that, within error bars, B,,,,, has no temperature dependence between 0.6 K and 4.2K,
for p=0.168 (Extended Data Fig. 6). ¢, Doping dependence of B, and B, (see Supplementary Fig. 2). Error bars on the value of B, inferred from ultrasound
measurements are estimated from the uncertainty on the field above which (Av/v — y,)™" deviates from linearity. Error bars for the values of B,,,,, from NMR
are estimated from the uncertainty in the determination procedure shown in Extended Data Fig. 7. Dashed lines are guides to the eye.

perspective, the disappearance of the spin glass near p* prompts
an investigation of whether the fates of spin and charge orders are
still connected near p* or whether these two phenomena become
disconnected.

Together with previous reports of spin glass at lower doping™*,
our work shows that the spin glass spans from the weakly doped
insulator at p=0.02 all the way up to p*~0.19. This suggests that
the same local-moment antiferromagnetism as that found in the
doped Mott insulator* survives throughout the pseudogap state.
This observation favours scenarios in which the pseudogap state
originates from strong correlation physics rooted in the doped Mott
insulator (for example, ref. ).

Our results are relevant to the interpretation of high-field experi-
ments performed in La-based cuprates. Indeed, central to the inter-
pretation of these experiments is the idea that the properties of the
field-induced normal state may serve as a proxy for the whole pseu-
dogap state; that is, at temperatures up to T*. Our results suggest
that this is not necessarily so: in La, ,Sr,CuO,, the field-induced
normal state at T=0 is an ordered antiferromagnet (albeit freez-
ing like a glass), but the temperature-induced normal state (T > T,)
shows only short-lived antiferromagnetic correlations.

This distinction should hold for transport™* properties, as
these are known to be influenced by magnetic correlations. If cor-
related over sufficiently long distances (the correlation length
£, > 100 lattice spacings in La, gSr,,,CuO, (ref. '°)), the frozen
striped antiferromagnetic pattern should affect low-lying electronic
states*' and thus, as noted in refs. ***?, affect transport measurements
at low temperatures and high fields, up to p*. As a matter of fact,
the possible relationship between spin-glass freezing and resistivity
upturns has long been discussed in the literature (see, for example,
refs. >** and references therein).

Recent specific-heat measurements of La,, Nd,,Sr,CuO, in
high fields have led to the conclusion that the pseudogap ends
at a quantum critical point*. This raises the question of whether
the pseudogap phase is an ordered state at all temperatures up
to T* (see refs. “*°' and references therein). The fact that La,
.Nd,,Sr,CuO, probably shows a similar field dependence for
spin and charge correlations as in La, Sr,CuO, (ref. **) suggests
that the observed quantum criticality in La, ; Nd,,Sr,CuO, might
arise, not from the pseudogap phase itself, but from a consequence
of it in this material: a magnetic quantum phase transition occur-
ring at p*. This possibility indicates that the observation of quan-
tum criticality in high fields does not necessarily mean that the
pseudogap is an ordered state. Further insight into this issue might
come from neutron scattering experiments in high fields to deter-
mine whether the magnetic quantum phase transition is first or
second order.
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Methods

Samples. High-quality La, Sr,CuO, single crystals were grown by the travelling
solvent floating zone method. NMR samples with x=p=0.171 and x=p=0.210
were cut from the same rods as the ultrasound samples with p=0.168 and
p=0.215, respectively (see below for the estimation of p values).

Determination of doping level. The hole doping p, which is considered to be
equal to the Sr concentration x in the absence of oxygen off-stoichiometry, has
been determined by measuring T, the temperature of the structural transition
from the high-T tetragonal (HT'T) phase to the low-T orthorhombic (LTO)
phase®*!, either by NMR or by sound velocity (Extended Data Fig. 9). T, provides
a more accurate measurement of doping than T; because it varies more strongly
with hole doping and is less sensitive to defects. In NMR samples, T, was measured
using the spin-lattice relaxation rate 1/T, of **La, which shows a peak at the
transition (Extended Data Fig. 4 and refs. *>*). In ultrasound samples it was
detected by measuring the (c,, - ¢,,)/2 mode, which shows an anomaly at the
transition (Extended Data Fig. 10).

Given that the HTT to LTO transition line decreases to 0 at p~0.21, the doping
of samples with Sr content above this value is assessed using the superconducting
critical temperature T.. T, of NMR samples was measured by tracking the resonance
frequency of the NMR tank circuit, which showed a strong and very sharp change
at T, for all samples. In ultrasound samples, an anomaly at T_ is detected in the
temperature dependence of the sound velocity Av/v (see Supplementary Fig. 1).

Supplementary Table 1 summarizes the properties of the single crystals used in
this study. The typical (relative) uncertainty on doping is +0.002 hole per Cu site,
except for p>0.21 for which it is +0.005 hole per Cu site.

Ultrasound measurements. Transverse ultrasonic waves at typical frequencies
ranging from 150 MHz to 250 MHz (see Extended Data Fig. 6 for measurement
frequencies at each doping level) were generated using commercial LINbO, 41°
X-cut transducers (Boston Piezo-Optics) glued on oriented, polished and cleaned
surfaces. We used a special set-up to orient the crystal in a Laue diffractometer
and to transfer the crystal on a wire saw while conserving its orientation within a
typical precision of one degree.

A standard pulse-echo technique with phase comparison was used to measure
sound velocity variation Av/v (ref. ). The experiments were performed at the
LNCMI Toulouse in pulsed fields with strengths of up to 86 T. A high-speed
acquisition system was used to record the evolution of the phase of the
acoustic echoes during the magnetic field pulse. When possible, we checked
for reproducibility at different frequencies and on different echoes. Data on the
upsweep and downsweep of the magnetic field pulses showed good overlap,
indicating that the temperature of the sample was constant during the pulse. The
field dependence of the sound velocity at different temperatures is shown for all
samples in Extended Data Fig. 6.

Contributions to the sound velocity. The measurements in pulsed fields allow
for the determination of the field-induced sound velocity, Av/v(B), at different
temperatures (Extended Data Fig. 6). By performing constant-field cuts in these
field sweeps, we obtain the temperature dependence of the field-dependent sound
velocity. To obtain the complete temperature dependence of the sound velocity
Av/v at different fields (Figs. 2,3), we need to add the zero-field electronic sound
velocity, Av/v(B=0),:

Av/v = Av/v(B) + Av/v(B = 0), (1)

The term Av/v(B=0), includes the influence of superconductivity and
magnetism on the lattice. It is extracted from the raw data of the zero-field
temperature-dependent sound velocity, Av/v(B=0), which also contains a
background component, Av/v(B=0)y,qgouma- This background term originates
from the natural hardening of the lattice as the sample is cooled. This
background is fitted, within a temperature range in which neither magnetism
nor superconductivity makes a significant contribution to Av/v(B=0), with an
empirical formula:

N

Av/v(B =0) @1

background — €

Equation (2) has been shown to describe accurately the lattice contribution
to the elastic constant in a wide variety of systems™, including cuprates™.
Supplementary Fig. 1 shows the zero-field sound velocity data Av/v(B=0),
the background fit Av/v(B = 0)y,qgrouna and the extracted zero-field electronic
contribution Av/v(B=0)..

NMR measurements. Experiments were performed using standard spin-echo
techniques and home-built heterodyne spectrometers in direct current fields
provided by superconducting and resistive magnets at the LNCMI, Grenoble,
France, and the hybrid magnet at the NHMFL, Tallahassee, USA.

The spin-lattice relaxation time T, was determined by fitting the
saturation-recovery curve of the *’La magnetization to a stretched
multi-exponential given by equation (3), which is valid for the purely magnetic

relaxation of the central line of a nuclear spin 7/2. The stretching exponent f
accounts phenomenologically for the distribution of T values (ref. *' and references
therein) that develops at low temperatures and makes  deviate from 1 (Extended
Data Fig. 1). Then, T corresponds to the median relaxation rate.

B P
139m0- 13900 1225 28, 75 15
gz = ion]-(2)] + oo ()
P p
+ Zexp [7 (%) ] + & exp [f (TL‘) ]

The same expression was used for all temperatures despite the presence of
quadrupole relaxation (which is produced by electric-field gradient fluctuations
and described by a different form of recovery) around the structural transition
temperature, which causes the exponent f§ to deviate from 1.

NMR determination of the field scale B,,,. The only prominent feature seen

in the NMR data is the temperature T; of the peak in 1/T, versus T (Fig. 2a).
However, it is impossible to define a field strength above which this peak is
present and it is also impossible to determine whether such a field actually
exists. This is because when the field decreases, the peak intensity decreases

and its width increases, which makes the peak gradually less well defined at

low fields (Fig. 2a). We also cannot use an arbitrary criterion for the freezing
because this would require extrapolation of the data for the p=0.171 sample.
The range of fields (up to 45 T) and temperatures (down to 1.7 K) explored here
do not reach the regime in which the peak in 1/T, versus T is found for this level
of doping. Given that it is impossible to define the field above which spins are
frozen at the NMR timescale, we determine the onset field of slow fluctuations.
As there is no clear spike in the field dependence of 1/T), we define By, as the
field at which the value of 1/T of a given sample is equal to the value of 1/T) in
the p=0.148 sample at B = 7 T, which is the threshold field at which neutron
scattering experiments detect a quasi-elastic response'®. So, by definition,
Bgow="7 T for p=0.148. Given that the criterion is chosen so that NMR and
neutron scattering onset fields match at p =0.148, there is no NMR point for this
sample in Fig. 4c. It turns out that the so-defined B, in NMR matches the B
defined from ultrasound (Fig. 4c).

However, for the determination of By,,, we do not use directly the ‘bare’
experimental T} values because these are (slightly) biased by two effects. First, part
of the field dependence is due to the reduction of the superconducting gap. Second,
1/T, has an intrinsic 1/B dependence (see low-field upturns in Extended Data Fig. 7a),
which indicates that, although 1/T has not yet reached its peak at B, we are
already sufficiently close to the resonance condition (wz.=1) that 1/T, « /@
1/B, as expected for a mechanism of similar type to a Bloembergen-Purcell-Pound
mechanism.

Therefore, for the sole purpose of determining By, from NMR, we use T,
data corrected by a factor of 1/B and from which an approximate field-dependent
superconducting component has been subtracted (the evaluation of this
background is detailed in Supplementary Fig. 3 and Extended Data Fig. 7).

We emphasize that these corrections are small (see Supplementary Fig. 3 and
Extended Data Fig. 7) and that they do not affect the conclusions of this paper.

slow slow

Data availability

Data are available from the corresponding authors upon request.
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Extended Data Fig. 1| Stretching exponent  in NMR T, measurements. a, Stretching exponent g for different fields in La, 45,5r014sCuQO,. b, Stretching
exponent g for Sr concentrations x = p. The stretching exponent provides a phenomenological measure of the width of the distribution of T, values
(ref.”" and references therein).
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Extended Data Fig. 2 | Comparison of T, from NMR and T,,,, from sound velocity. In the upper panel we show the temperature dependence of 1/T,
calculated within the BPP model with a correlation time z. a exp(1/T). Within this model, 1/T, features a maximum when @ z. = 1. This maximum occurs
at T = T, the freezing temperature at the NMR time scale. In the lower panel we plot the temperature dependence of the sound velocity Av/v calculated
within the dynamical susceptibility model that applies to canonical spin glass systems?. We use the same correlation time 7. as for 1/T, calculation and
we use a Curie-like susceptibility (T) o 1/T. In contrast with 1/T,, the condition w 7, = Tresults in an inflexion point in Av/v. The sound velocity minimum
at T, is found slightly higher than T, as observed experimentally. The temperature dependence of the sound velocity can be understood as follows. At
high temperature, when the ultrasound frequency ws is such that s << 7.7, a softening arises from the slowing down of acoustic phonons by magnetic
fluctuations, through magneto-elastic coupling. On the other hand, in the frozen state at low temperature, when ws >> 7.7, the acoustic phonons
decouple from the slowly fluctuating moments leading to the hardening upon cooling. In between these two asymptotic behaviours, Av/v must go through
a minimum at a temperature T.,,..

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

ARTICLES NATURE PHYSICS

100 E = = =
a 3 NMR b ENMR ' C f NMR d E NMR
- [ ] p=0.148 r p=0.155 ,’ C p=0.171 Fp=0.21
N ' T=17K L T=17K / L T=17K L T=17K
S0tk 8 3 3 3
i”/ E ,"l E 1/ E ‘,' E
S i 4 r ¢ i
= -%* "l - Byow ® -
_2 | | \ | ll | ’ -
107 E slo E @ # E f 3 O
- w C { - ,‘l C ,O
- - C L - ’--.-‘-‘ o
[ 1 1 1 I 1 1 1 I L [ L 1 1 I L L 1 I L [ L L 1 I L L 1 I L [ L L 1 I L L 1 I 1

15F T=25K - T=15K

-
o
|
|

slow

B
B ¢ x5

P I N R | | I T |
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0O 20 40 60 80

B(T) B (T) B (T) B(T)

©
o

(AVIV30) 0™ (
o
()]

Extended Data Fig. 3 | Field dependence of glassy freezing. a-d, Field dependence of *°La 1/T, at T = 1.7 K for different doping levels. The minimum at
low fields arises from the balance between an increase of 1/T, upon increasing B (field-induced spin freezing) and a frequency effect (1/T, decreases with
increasing NMR frequency, itself proportional to B - see Methods). Dashed lines are guides to the eye. e-h, Field dependence of the sound velocity for
different doping levels. In contrast to NMR, ultrasound is measured at constant frequency as a function of field. For each sample with a doping level p < p*,
the field dependence is plotted at a temperature where Av/v decreases upon cooling, that is for T> T_, (see Fig. 1). For p = 0.215, Av/v is plotted at the
lowest T achieved during the experiment. For p < p* and field B || ¢, Av/v is almost field independent at low fields and above a doping-dependent onset
field By, it shows a strong 1/B dependence, highlighted in panels i-l. For B || (110) (panel g), Av/v shows no softening, and only increases up to 84 T.

This highlights that the field effect arises from competition with superconductivity. i-l, Inverse field dependent sound velocity (Av/v - y,)7" + x,7, where y,
is a doping-dependent constant (y, = 0.5 x 1073 for p = 0.148, y, = 2.2 x 1073 for p = 0.168, y, = 0.3 x 10~3 for p = 0.188 and y, = 0.4 x 1073 for p = 0.215).
For p < p*, (Av/v - y,)7"is linear as a function of B for B > B,,,,, (pointed by arrows), with B, increasing with doping, as shown in Fig. 4. At doping level
p=0.168 and for T= 4.2 K, (Av/v - y,)7' deviates from linearity for B> 70 T, which probably signals the proximity to spin freezing. For p ~ 0.21, both

the weak field induced softening (h,i) and the field dependence of 1/T, (d) stop at about 40 T, a field value consistent with the upper critical field B.,
(Supplementary Fig. 2). The field dependence below 40 T is explained by the suppression of superconductivity in both cases.
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Extended Data Fig. 4 | Contrasting NMR T, data below and above p* = 0.19. a-c, Temperature dependence of *°La 1/T,T in a field of 15 T for different
doping levels. The peak in 1/T,T around 180 K (x = 0.155) and 140 K (x = 0.171) is due to the tetragonal-to-orthorhombic structural transition
(electric-field gradient fluctuations contributing to the nuclear relaxation through quadrupolar interaction), the drop below 40 K (all samples) is due

to superconductivity and the low T upturn is due to glassy slowing down. This latter is not observed for x = 0.21. Also, for this x = 0.21 sample, the T
dependence in the normal state as well as the large residual 1/T,T value in the T = O limit are both due to the structural transition at T ~ 6 K (that is, the
relaxation peak produced by electric-field gradient fluctuations becomes very broad). Lines are guides to the eye.
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Extended Data Fig. 5| 1/T, data vs. T. Data (same as in Fig. 3 but not divided by T) are shown at selected values of the magnetic fields for each sample.
Error bars are s.d. from fits of the nuclear-magnetization recoveries to a stretched-exponential form (see Methods). Lines guide the eye through the
highest-field data.
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Extended Data Fig. 6 | Pulsed field sound velocity data at all doping levels. a-d, Field dependence of the sound velocity, Av/v(B), at different
temperatures for p = 0.148 (panel a), p = 0.168 (panel b), p = 0188 (panel c) and p = 0.215 (panel d). The data were obtained at the following
measurement frequencies: f=225 MHz (p = 0.148), f =172 MHz (p = 0.168), f =187 MHz (p = 0.188) and f = 244 MHz (p = 0.215). Curves are shifted

vertically for clarity. All data presented here are from the downsweep part of the magnetic field pulse. From those data, cuts at constant magnetic field are
made in order to obtain the temperature dependence of the field induced sound velocity.
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Extended Data Fig. 7 | Determination of the field scale B,,,,, in NMR data. a, Field dependence of *°La 1/T, at T = 1.7 K for different doping levels. The
minimum at low fields arises from the balance between an increase of 1/T, upon increasing B (field-induced spin freezing) and a frequency effect (1/T,
decreases with increasing NMR frequency, itself proportional to B). Lines represent the estimated field dependence of the superconducting background
(see Supplementary Fig. 3). b, Relaxation rate 1/T, , after subtraction of the superconducting background. ¢, B/T, ,, values. The multiplication by

B accounts for the 1/B dependence of 1/T, (see Methods). The B,,,,, value for each sample (marked by arrows) is determined from the criterion

B/T, . =0.166 T s7', chosen so as to match neutron scattering results, namely B,,,, =7 T for x = 0.148 (see Methods). Dashed lines are guides to the eye.
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Extended Data Fig. 8 | Ultrasound attenuation across p*. In canonical spin glass systems, the slowing down of magnetic fluctuations produces a peak in
the ultrasound attenuation a?°. The origin of this peak is similar to that of the NMR relaxation rate 1/T, peak: when the condition w 7, = Tis satisfied, a
peak develops and defines the freezing temperature at the ultrasound time scale. In the left panel we show such an attenuation peak for our sample with
p = 0168, that clearly develops in high fields. This is further evidence that a slowing down, and a freezing, of magnetic fluctuations occur in high field in
this sample. In the right panel we show the ultrasound attenuation measured in our sample with p = 0.215 > p*. At this doping level no attenuation peak is
observed up to the highest field achieved during the experiment. This confirms the absence of freezing in this sample.
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Extended Data Fig. 9 | Studied samples and their structural transition. High temperature tetragonal (HTT) to low temperature orthorhombic (LTO)
transition temperature T, of NMR (green) and US (blue) samples plotted as a function of doping. The doping of the NMR and US samples is evaluated
by comparing T, with original published data shown as black symbols*®*, as indicated in the legend. For p < 0.188, we used the simple linear relation
Tst(p) = 522 — 2221x p (dashed line) to extract the doping of our samples. The continuous line is a guide to the eye that indicates a critical doping of
p ~ 0.21 for the structural transition.
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Extended Data Fig. 10 | Structural transition HTT-LTO observed in sound velocity. Sound velocity of the mode (c;-c,,)/2 shows a plateau at T, signaling
the high temperature tetragonal (HTT) to low temperature orthorhombic (LTO) phase transition, in agreement with previous report>*. Arrows indicate T,
for each doping. For the sample p = 0.215 no sign of the structural phase transition is seen down to T =7 K and we therefore used T_to determine the hole
doping of this sample.
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