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We report a study of the Mott insulator La,O3Fe,Se, by means of '*La nuclear quadrupole resonance (NQR).
The NQR spectra evidence a single La site in the paramagnetic phase and two inequivalent La sites, Lal and La2,
in the antiferromagnetic phase. These two sites are characterized by different quadrupole couplings, indicative
of distinct lattice configurations segregated in domains. The dependence of the quadrupole coupling for La2
on temperature suggests that the structural distortion is driven by the magnetic order parameter. The nuclear
transverse relaxation rate 1/7; evidences fluctuations in the paramagnetic phase with characteristic frequencies
well below the Heisenberg exchange frequency and likely associated with nematic fluctuations.
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The simultaneous occurrence of different microscopic in-
teractions, such as the Coulombic correlations and Hund’s
coupling, together with the complex fermiology arising from
several orbitals crossing the Fermi level make the electronic
phase diagram of iron-based pnictides and chalcogenides
extremely rich [1-3]. The emergence of orbitally selec-
tive Mott transitions, charge disproportionation, and the
intrinsic tendency towards phase segregation are exemplary
demonstrations of the complexity of these materials [4-7].
Iron-based pnictides and chalcogenides also host an electronic
nematic order breaking the C4 symmetry and leading to a
tetragonal-to-orthorhombic lattice distortion [8,9]. Although
this phenomenology has been observed in several metallic
compounds [10,11], evidence of nematic fluctuations and or-
der in the less studied insulating iron-based materials is still
missing.

La,;03Fe;Se; is an insulator formed by alternating La,0,
and Fe,OSe, stacked layers and displays antiferromagnetic
order below the Néel temperature Ty >~ 90 K [12-14]. The
electric crystalline field resolves the Fe orbital degeneracy and
drives the system close to an orbital-selective Mott transition,
with a suggested relevant role of charge and spin fluctua-
tions [15,16]. Recently, La,O3Fe;Se; attracted further interest
after the report of short-range orthorhombicity both in the
paramagnetic phase and in the magnetic phase based on the
analysis of the neutron pair distribution function [17]. The
breaking of C, lattice symmetry has been associated with
nematic fluctuations; however, the local orthorhombicity is
weakly dependent on temperature, at variance with what is
expected for a magnetic driving mechanism.

giacomo.prando @unipv.it
fpietro.carretta@unipv.it

2469-9950/2021/103(8)/L081105(6)

L081105-1

In order to reach a deeper understanding of the local
structure of La,OsFe,Se,, we used '*°La nuclear quadrupole
resonance (NQR). NQR is extremely sensitive to the changes
in the local charge distribution induced by a modification of
symmetry [18,19] and does not require the application of an
external magnetic field as in the case of nuclear magnetic
resonance (NMR). This is particularly useful when the ex-
periments are performed on powder samples where the broad
NMR lines require a more demanding analysis of the results
[20]. In this Letter, we report clear evidence of two distinct La
sites, Lal and La2, only in the magnetic phase. Lal and La2
are characterized by different quadrupolar couplings, namely,
by nonequivalent local structures, suggesting the stabilization
of the nematic phase in segregated domains for 7 < Ty. The
temperature dependence of the quadrupole coupling for the
La2 site indicates that the structural distortion is driven by
the magnetic order parameter. Additionally, measurements of
the '*La NQR transverse relaxation rate 1/7> confirm that
low-frequency dynamics develop just above Ty, with char-
acteristic frequencies well below the Heisenberg exchange
frequency, consistent with the onset of nematic fluctuations
in the paramagnetic state which progressively slow down as
the temperature is decreased.

We performed the '*°La NQR measurements on a
La,03Fe;Se; polycrystalline sample using a broadband Tec-
mag Apollo spectrometer [21]. We measured the spectra by
recording the amplitude of the echo signal after a Hahn echo
pulse sequence (5-T.-7) as a function of the irradiation fre-
quency. We derived the spin-lattice relaxation time 7; by
recording the recovery of the nuclear magnetization M(t)
after a saturation pulse sequence (5-7-5-7.-7) and fitting the
data with the functions appropriate for a nuclear spin I = 7/2
in NQR [22,23]. We quantified the transverse relaxation time
T, from the decay of the echo amplitude after a Hahn echo
sequence as a function of the interpulse delay, as well as with a
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FIG. 1. (a) shows the NQR spectrum at 92 K in the frequency
range between 2v, and 3v,, proving the disappearance of the La2
signal for T > Ty. NQR spectra at several temperatures below Ty
are shown in (b) and (c) (31)0 and 2vQ, respectively). Orange and
dark red lines are best-fitting Lorentzian functions for Lal and La2,
respectively.

Carr-Purcell-Meiboom-Gill (CPMG) sequence, which is par-
ticularly useful to evidence low-frequency dynamics [24]. In
the CPMG pulse sequence, a series of refocusing w pulses
are applied at 27, intervals after the initial 7- -7 pulse
protocol.

In NQR, the resonance frequency is determined by the
interaction of the nuclear electric quadrupole moment eQ with
the local electric field gradient (EFG). Given the symmetry
of the surrounding charge distribution in La,O3Fe;Se,, in the
paramagnetic phase the NQR spectrum is characterized by
three lines associated with the m; = £1 <> £3, +3 « +3,

TCPMG

and j:% <~ :t% transitions [21,25]. Here, m; is the compo-
nent of the nuclear spin along the EFG main axis Z. These
transitions are centered at frequencies Vo 2vQ, and 3vQ, re-
spectively, where v, = eQVzz/14h, with Vzz being the main
EFG component [21]. Although we performed most of the
measurements by irradiating the 3vQ line, the measurements
at the 2v,, transition have proven very useful for the interpre-
tation of our results.

For T > T\, the 3v, line is centered at ~9.4 MHz [see
Fig. 1(a)], in excellent agreement with the estimates of v,
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FIG. 2. (a) shows the temperature dependence of the central
resonance frequency of the Lal and La2 signals (solid squares and
circles, respectively) at 3v,. Open squares and circles represent the
central resonance frequency of the Lal and La2 signals, respectively,
at 2v, multiplied by a factor of 1.5. (b) reports the signal intensity
M(0)T for the Lal and La2 signals at 3v, as a function of temper-
ature. The sharp anomaly at ~60 K is due to the crossing of Lal
and La2 signals (see Fig. 1), while the peak at 110 K is an artifact
associated with the maximum in the transverse relaxation rate (see
Fig. 4).

based on NMR [20,21]. The central resonance frequency does
not depend on temperature within a few per mil down to 10 K.
Hereafter, we shall refer to this NQR signal as Lal. The lack
of any detectable temperature dependence for the resonance
frequency of the Lal signal rules out the development of a
sizable internal magnetic field along the Z axis in the antifer-
romagnetic regime. On the contrary, we cannot exclude the
development of a weak internal magnetic field perpendicular
to the Z axis based on NQR measurements. Indeed, for T <
Tn, frequency-swept NMR [21] shows a broadening which is
fully consistent with what was reported by Giinther et al. and
described by those authors in terms of a small internal mag-
netic field perpendicular to the Z axis [20]. A second NQR
peak (La2) arises for T < Ty [see Fig. 1(b)]. Although the
temperature dependence of the central resonance frequency
of the La2 signal is akin to that of the magnetic order param-
eter, its frequency shift cannot be associated directly with the
internal hyperfine field generated by Fe magnetic moments.
In particular, the internal field should lead to a splitting of the
139La NQR peaks [26], and the fact that neither Lal nor La2
peaks split below 7y rather indicates that the internal hyper-
fine field at '*°La is weak (below ~100 G) and/or parallel to
the ab plane [20,21].

Remarkably, the behavior of the 2vQ transition is similar to
that observed at 3y, [see Fig. 1(c)]. By scaling the frequency
of the Lal and La2 peaks at 2v, by a factor of 1.5 we find
a good match with the corresponding 3v, frequencies (see
Fig. 2), confirming that the signals are associated with '*¥La
and that the relation n 2~ 0 holds for the asymmetry parameter
for both Lal and La2 [21,27]. These observations also confirm
that the frequency shift of the La2 peak is determined by the
quadrupolar interaction; that is, its temperature dependence
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is determined by the evolution of the local structure around
139La nuclei.

We estimated the intensity of the NQR spectrum from mea-
surements of M (0), i.e., the initial intensity of the Hahn echo
decay, in order to compensate the temperature dependence
of the transverse relaxation rate 7 [21]. The temperature
dependence of M(0) is shown in the inset in Fig. 2 after
multiplication by temperature in order to account for the para-
magnetic character of the nuclear magnetization. M(0)T is
approximately constant above 7y, it gets sharply halved at
Tn and eventually, below Ty, the intensities of Lal and La2
signals are comparable. We stress that other nuclei, including
"7Se, should have an intensity of the zero-field NMR lines
more than an order of magnitude smaller [28].

Overall, our results indicate that one of the La sites remains
basically unaffected throughout the whole explored tempera-
ture range (Lal) while the other site (La2) probes a structural
distortion which, remarkably, is segregated in domains with
volume weight comparable to the undistorted phase probed
by Lal. This could explain why the neutron pair distribution
function indicates a significant short-range orthorhombicity
and an overall long-range tetragonal structure [17]. The de-
pendence of the central resonance frequency for the La2 signal
is akin to that of the magnetic order parameter, suggesting that
the distortion is driven by magnetism.

The presence of two distinct La sites was already pointed
out in the NMR studies by Giinther e al., who concluded
that two magnetically inequivalent La sites were present with
different local hyperfine fields [20]. In fact, our results show
that the difference is in the local structure around the Lal
and La2 sites. Mossbauer measurements also evidence a small
change in the EFG at the Fe site developing below 130 K
[17,20]; hence, it is possible that a change in the local structure
is already taking place on the Fe,OSe; planes well above Ty
and that Fe nuclei in Mdssbauer experiments probe an average
of the local configurations probed by Lal and La2 sites.

‘We now turn to the discussion of the low-frequency dynam-
ics. In the paramagnetic phase, we found that the recovery of
the '*La nuclear magnetization by irradiating at 2v, is two
times faster than the recovery by irradiating at 3v,, consis-
tent with a relaxation mechanism driven by spin fluctuations
and not by EFG fluctuations [23]. In the case of relaxation
driven by electric quadrupole interactions, the recovery at the
two frequencies should be comparable [29]. We show the
temperature dependence of the spin-lattice relaxation rate for
the Lal and La2 sites at 3v, in Fig. 3. Here, 1/7} w7 is
approximately constant for 7 > Ty, as expected for an insu-
lating paramagnet characterized by the Heisenberg exchange
angular frequency w, [30]. Upon decreasing temperature, it
first shows a weak decrease below about 150 K and then a
sharp increase very close to Ty. Below Ty, 1/7T; for the La2
site is enhanced with respect to that of the Lal site just below
TN, suggesting a possible contribution from nematic fluctua-
tions. Upon further cooling, 1/7; shows a significant decrease
by orders of magnitude with a low-temperature 1/T} o T3*
power law, close to the T3 law typical of three-dimensional
antiferromagnets for 7y > T > A, where A is the spin-wave
gap [31]. For T « Ty, the magnitude and behavior of the
spin-lattice relaxation rate are qualitatively similar for both
Lal and La2 sites. This demonstrates that both the Lal and
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FIG. 3. (a) shows the spin-lattice relaxation rate for Lal and
La2 (solid squares and circles, respectively) at 3v,, as a function of
temperature (log-log scale). The gray line highlights the 1/} oc T>#
power law behavior discussed in the text. (b) highlights the tem-
perature dependence of 1/7; for the Lal signal in the paramagnetic
regime (linear-linear scale). The dashed horizontal line is a guide to

the eye. In both panels, the dashed vertical line locates 7x.

La2 sites probe the same electronic environment associated
with the antiferromagnetic phase of La,O3;Fe;Se,. At the
same time, the consistent quantitative discrepancies just below
Tx support the scenario of segregated domains for Lal and
La2 nuclei.

The observed behavior for Lal is analogous to the one de-
rived from NMR measurements [17,20]; however, we outline
important differences. In NMR a very slight increase in 1/7}
was reported upon decreasing temperature from 150 K to 7y,
while here, we observe a decrease in 1/7; [32]. A possible
explanation is that in the NMR experiments, given the chosen
irradiation frequency, they were probing local field fluctua-
tions in a plane tilted by ~36° from the c axis [25]. However,
NQR probes fluctuations perpendicular to the Z axis, which is
parallel to the crystallographic ¢ axis—in other words, we cur-
rently probe fluctuations in the ab plane. Hence, the observed
behavior could indicate a progressive decrease of in-plane
fluctuations as the temperature decreases. At the same time,
for a relaxation mechanism driven by spin fluctuations

1 2

=5 2 S, )

q,0=x,y,2

where y is the nuclear gyromagnetic ratio, Sy, (q, wr) are the
components of the dynamical structure factor at the resonance
frequency wg yielding a fluctuating hyperfine field in the ab
plane, and |Aq|2 is the form factor describing the hyperfine
coupling between 'La nuclei and the spin excitations at
wave vector q. Since for Lal the form factor filters out antifer-
romagnetic fluctuations, an initial decrease in 1/T; is expected
as the spin correlation length starts to increase, similar to what
is found in other two-dimensional antiferromagnets [33,34].

Although the temperature dependence of 1/7; at high tem-
peratures is mainly driven by the correlated spin dynamics
at frequencies of the order of Heisenberg exchange fre-
quency [30], we find that the temperature dependence of the
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FIG. 4. (a) shows (1/7)™ for Lal and La2 (solid squares and
circles, respectively) at 3v, as a function of temperature. The gray
line is a best fit according to an activated Arrhenius law. The open
triangles show the temperature dependence of (1/75)"™C at fixed
pulse separation (T ,,; = 12 us). (b) shows the effect of increasing
the pulse separation on (1/75)™MS. The gray line is a linear best fit

to the data.

transverse relaxation rate 1/7, is determined by low-
frequency dynamics (megahertz range). The temperature
dependence of (1/7>)M%" measured with a Hahn echo se-
quence at the 3v, transition is shown in Fig. 4; (1/ T )Hahn
shows a well-defined maximum at 108 K, well above Ty.
Above the peak temperature, in the limit of fast fluctuations,
1/T, ~ y?(AhZ)t,, with (AhZ) being the mean square am-
plitude of the field fluctuations along the Z || ¢ axis [35].
Accordingly, we fit the temperature dependence of (1/75 )"
for T > 110 K with Arrhenius’s law, showing that 7,
exp(Ex/T), with E4 = 1300 £ 60 K [see Fig. 4(a)]. In prin-
ciple, the dynamics leading to this behavior for (1/75)H™
should be probed by 1/T; as well, resulting in a Bloembergen-
Purcell-Pound (BPP) behavior [24]. However, the quantitative
results found for (1/7)"3" show that this dynamical con-
tribution would lead to 1/7; ~4 s~! at the BPP peak.
Considering that the spin-lattice relaxation rate is already
~80s~! for T > Ty, itis clear why 1/7; is substantially blind
to the low-frequency dynamics probed by (1/7»)"". On the
other hand, the divergence of (1/75)™ at Ty is associated
with the critical slowing down of spin fluctuations.

To confirm that the peak in 1/7; at 108 K originates from
a progressive slowing down of the fluctuations to very low
frequencies, we carried out a study of the echo decay using
the CPMG pulsed sequence. The CPMG sequence makes it
possible to probe the time evolution of the fluctuations at
the Lal site over a shorter timescale T.,. If Ty < Te»
where 7. is the characteristic correlation time describing the
dynamics, the fluctuations do not have enough time to affect
the echo decay, and (1/73)“™™S decreases. This is indeed the

behavior we observe which reveals that the fluctuations slow
down with 7. of the order of tens of microseconds around
110 K [see Fig. 4(b)]. Such low frequencies are expected to
characterize the dynamics of domains with different degrees
of orthorhombicity [36].

The behavior of 1/7; is very similar to that observed
in the normal phase of Ba(Fe;_,Rh,),As, [37,38] and in
Li,VOSiOy [39], a prototype of the J;-J, model on a square
lattice. In both cases, dynamics at frequencies orders of
magnitude lower than the Heisenberg exchange frequency
contribute to 1/7;. In particular, a clear difference was re-
ported in 1/7, measured with a Hahn echo and with a
CPMG sequence in Rh-doped BaFe,As, [37]. Moreover, the
low-frequency dynamics are characterized by an activated
correlation time 7. o exp(E4/T) both in Ba(Fe;_,Rh,);As;
and in Li, VOSiOy4, with E4 of the order of hundreds of kelvins
for Ba(Fe;_,Rh,),As; in the presence of a magnetically or-
dered ground state. In a simple J;-J, model the energy barrier
characterizing the nematic fluctuations is the one separating
degenerate collinear spin ground states, with E4 depending
on J; and J, and on the spin correlation length. However,
the appropriate model to describe La,O3Fe;Se; is not a pure
Ji-J> model on a square lattice since there are two different
next-nearest-neighbor superexchange paths: one through Se
(J2) and one through O ions (J;) [40]. This leads to a more
complex scenario in which more degenerate phases could
be present and requires an accurate theoretical modeling of
the system.

In conclusion, we used '¥La NQR to study the local lattice
modifications induced by the onset of the magnetic order in
La,03Fe,Se, and the low-frequency dynamics developing in
the paramagnetic phase. The presence of two distinct NQR
peaks for T < Ty indicates two different structural configu-
rations arising in the magnetic phase. The dependence of the
quadrupole coupling on temperature shows that the structural
distortion is induced by the development of the magnetic
order parameter. The study of the spin-lattice and transverse
relaxation rates shows that very low frequency dynamics, at
frequencies in the megahertz range, emerge in the normal
phase, consistent with the development of nematic fluctua-
tions. Future studies are needed to clarify the local differences
between the two La sites.
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