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Fast recovery of the stripe magnetic order by Mn/Fe substitution in F-doped
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75As nuclear magnetic (NMR) and quadrupolar (NQR) resonance were used, together with Mössbauer
spectroscopy, to investigate the magnetic state induced by Mn for Fe substitutions in F-doped LaFe1−xMnxAsO
superconductors. The results show that 0.5% of Mn doping is enough to suppress the superconducting transition
temperature Tc from 27 K to zero and to recover the magnetic structure observed in the parent undoped LaFeAsO.
Also the tetragonal to orthorhombic transition of the parent compound is recovered by introducing Mn, as
evidenced by a sharp drop of the NQR frequency. The NQR spectra also show that a charge localization process
is at play in the system. Theoretical calculations using a realistic five-band model show that correlation-enhanced
RKKY exchange interactions between nearby Mn ions stabilize the observed stripe magnetic order. These results
give compelling evidence that F-doped LaFeAsO is a strongly correlated electron system at the verge of an
electronic instability.
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The interplay between impurity induced disorder and
electronic correlations often gives rise to complex phase dia-
grams in condensed matter [1,2]. The electronic correlations
drive a system towards a quantum phase transition, as it is
typically found in the fullerides [3] and in heavy-fermion
compounds [4,5], with an enhancement of the local suscep-
tibility and, hence, a small perturbation, as the one associated
with a tiny amount of impurities, can significantly affect
the electronic ground state [6–9]. In the cuprates and in the
electron-doped iron-based superconductors (IBS), the strength
of the electronic correlations can be tuned either by charge
doping or by applying an external or a chemical pressure
[10–14]. In particular, upon increasing the charge doping, the
strength of the electronic correlations tend to decrease [15–22]
and a metallic Fermi liquid (FL) ground state is usually
restored [23–27]. However, significant electronic correlations
may still be present even close to the charge doping levels
yielding the maximum superconducting transition temperature
Tc and a convenient method to test their magnitude is to perturb
the system with impurities.

The introduction of Mn impurities at the Fe sites was
reported to strongly suppress Tc in several IBS, both
of the BaFe2As2 [28–30] and of the LnFeAsO (Ln1111,
Ln=lanthanides) [31] families. Within the Ln1111 fam-
ily the effect of impurities is particularly significant in
La1111 [27,32]. In fact, while in most the IBS compounds
the Tc suppression rate (dTc/dx) is well below 10 K/% Mn, in
LaFeAsO0.89F0.11 just 0.2%–0.3% of Mn impurities suppress
superconductivity from the optimal Tc � 27 K (dTc/dx

∼ 110 K/% Mn) and then, at higher Mn doping levels,
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a magnetic order develops [see Fig. 1(b)] [32–34]. The
understanding of why such a dramatic effect is present,
what type of magnetic order is developing and how to
describe these materials at the microscopic level are presently
subject of debate [35–37]. Here we show, by means of
zero-field (ZF) NMR, nuclear quadrupole resonance (NQR),
and Mössbauer spectroscopy that the introduction of 0.5% of
Mn in LaFeAsO0.89F0.11 induces the recovery of the magnetic
order and of the tetragonal to orthorhombic (T-O) structural
transitions observed in LaFeAsO, the parent compound of
La1111 superconductors. Moreover, the decrease of the charge
transfer integral and the enhanced electron correlations lead
to the electron localization and to a local charge distribution
similar to that found in LaFeAsO. We also present theoret-
ical calculations showing that correlation-enhanced RKKY
exchange couplings between neighboring Mn ions stabilize the
magnetic order characterized by Q1 = (π,0) and Q2 = (0,π )
domains.

The LaFe1−xMnxAsO0.89F0.11 polycrystalline samples un-
der investigation are the same ones studied in Ref. [32]. Further
details on the sample preparation and characterization can be
found in Ref. [38].

75As zero-field (ZF) NMR spectra were obtained by
recording the echo amplitude as a function of the irradiating
frequency in the 6–26 MHz range for T = 8 K [see Fig. 1(a)].
Both the spectra of the LaFeAsO parent compound and of the
x = 0.75% sample are characterized by two peaks, which in
the latter compound are rigidly shifted to lower frequencies and
broadened. The peaks are associated with the mI = 1/2 →
mI = −1/2 and mI = −1/2 → mI = −3/2 transitions, with
mI the component of the nuclear spin I along the quantization
axis, which in the case of a stripe magnetic order [magnetic
wave vector Q = (π,0) or (0,π )], as it is the case for
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FIG. 1. (a) Comparison of the 75As zero-field NMR spectra be-
tween the LaFeAsO parent compound and LaFe1−xMnxAsO0.89F0.11

for x = 0.5% (green) and 0.75% (red). For the sake of comparison,
the intensity of the spectra for the Mn-substituted compounds is
multiplied by 4. (Inset) Sketch of the magnetic unit cell for the
stripe order (the red arrows represent the Fe magnetic moments
directions while the magenta arrow corresponds to the orientation
of the internal field at the As site). (b) Electronic phase diagram of
LaFe1−xMnxAsO0.89F0.11. Tc and Tm were determined from magneti-
zation (SQUID) and zero-field μSR measurements, respectively (see
Ref. [32]). (c) Temperature dependence of the hyperfine magnetic
field, Bh, for x = 0.5% as derived from Mössbauer spectra. The red
solid line tracking the order parameter is a phenomenological fit of
Bh with Bh = 3.3(1 − (T/Tm))β where Tm = 100 K and β = 0.17.

LaFeAsO, is along the c axis. The frequency shift between
the two peaks is given by the nuclear quadrupole frequency
determined by the local charge distribution, which at 8 K
is νQ = 8.8 MHz both for LaFeAsO and for the x = 0.75%
sample.

The position of the low-frequency peak (νc), associated with
the 1/2 → −1/2 transition, is determined by the magnitude
of the hyperfine field at 75As, and one can write that
νc = (γ /2π )|A〈�S〉|, with γ the 75As gyromagnetic ratio, A
the hyperfine coupling tensor, and 〈�S〉 the average electron
spin, corresponding to the magnetic phase order parameter.
Accordingly, the low-frequency shift of the two peaks in the
sample with x = 0.75% would indicate a reduction of the
order parameter to about 80% of the value found for LaFeAsO.
The sample with x = 0.5% displays a very similar behavior
with a slight increase in the low-temperature order parameter,
following its slightly higher magnetic transition temperature
(Tm) [32]. From the magnetic point of view, the two samples

x = 0.5% and 0.75% are almost equivalent, as already shown
from previous muon spin relaxation experiments [32].

In order to further study the magnetic order parameter, we
measured the temperature dependence of Mössbauer spectra
for the x = 0.5% sample. Figure 1(c) shows that in the low-
temperature limit the internal field at the Fe site is of about
3.5 T, i.e., the magnitude of the order parameter is reduced
to about 70% of the value found in pure LaFeAsO [39–41],
in reasonable agreement with what we derived above from
ZF-NMR.

Now, one has first to consider if magnetic orders different
from the stripe one could give rise to a similar ZF-NMR
spectrum, taking into account the reduction in the Fe moment
to about 80% of the value found in LaFeAsO. The other low-
energy magnetic orders that could develop in this compound
are the Néel [Q = (π,π )] and the orthomagnetic type, with
a π/2 rotation of the adjacent spins [25]. Calculations of the
hyperfine magnetic field [42,43] at the As site (see Ref. [38])
show that both these magnetic orders would give rise to
ZF-NMR lines significantly shifted from the ones reported in
Fig. 1(a), thus confirming that the order is stripe-type. On the
other hand, one could argue that the stripe order could coexist
with other types of order developing close to Mn impurities and
that we are actually detecting the signal from a fraction of 75As
nuclei only. Thus we have performed a quantitative estimate
of the amount of nuclei contributing to the x = 0.75% sample
ZF-NMR spectrum in Fig. 1(a) by comparing its integrated
intensity with that of the LaFeAsO sample, where 100% of the
sample is in the stripe collinear phase. We found that 95 ± 5%
of the x = 0.75% sample is in the stripe order.

In order to further check if there is a small (� 5%) fraction
of 75As nuclei that we are missing, we performed 75As NMR
measurements in a 8 T magnetic field. In Fig. 2, the powder
NMR spectrum displays a large fraction of nuclei with a
spectrum broadened [44] by the internal field developing in
the stripe phase (cyan diamonds) as well as a small fraction
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FIG. 2. LaFe1−xMnxAsO0.89F0.11 (x = 0.5%) 75As and 139La
NMR spectra in the 40–115 MHz frequency range, measured at
10 K, for an applied magnetic field μ0H = 8 T. (Inset) Pictorial
representation of the Fe layer for a few parts per thousand of Mn
substitution in LaFeAsO0.89F0.11.
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FIG. 3. Quadrupolar frequency νQ as a function of temper-
ature for the LaFeAsO (blue circles, data from Ref. [45]) and
LaFe1−xMnxAsO0.89F0.11 with x = 0.75% (red triangles). For the
latter, the point above Tm is taken as the frequency of the low-
frequency peak of Fig. 4(a) (see text). The vertical arrows indicate
the magnetic transitions, while the red solid line is a guide to the eye.

of about 3% ± 1% of 75As nuclei with a significant NMR
shift towards higher frequencies (yellow circles). These latter
nuclei are likely the ones close to Mn impurities where a large
hyperfine field is expected. For x = 0.5%, there are 2% of
As nuclei, which are nearest neighbors of a Mn impurities, a
value very similar to the one we found. Hence the introduction
of Mn suppresses superconductivity and leads to the recovery
of the stripe magnetic order found in the parent LaFeAsO
compound. Any incommensurate magnetic order, if present,
should have a magnetic wave vector very close to the stripe
one (see Ref. [38]). This aspect could be clarified by future
neutron diffraction experiments.

The nuclear quadrupole frequency (Fig. 3) shows a jump
on passing from just above Tm (75As NQR) to below Tm (75As
ZF-NMR), which is very similar to the one detected [45]
in LaFeAsO. This abrupt change in νQ is associated with
the T-O distortion. Therefore the observation of a similar
change in νQ for the x = 0.5% compound indicates that when
the stripe magnetic order is recovered by Mn doping, also
the T-O structural transition is recovered, confirming that this
transition is closely related to the onset of large stripe magnetic
correlations. We further remark that the T-O transition causes
also a change in the electric field gradient probed by Fe nuclei,
as detected by Mössbauer spectroscopy (see Ref. [38]).

Another relevant aspect can be grasped by looking at the
75As NQR spectra, which can give detailed information about
the electronic environment surrounding the As nuclei [46–48].
The spectra in Fig. 4, measured at T = 77 K for x � 0.2%
and at T = 100 K (above Tm) for x > 0.2 show a clear
shift of the NQR spectrum towards lower frequency with
increasing Mn content [see Fig. 4(b)] and a rapid change in
the intensity of the low-frequency peak for x > 0.2%. It is
worth to note that for x > 0.2% the frequency of the dominant
low-frequency peak perfectly matches that of the paramagnetic
phase of LaFeAsO [see Figs. 3 and 4(b)], indicating a similar
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FIG. 4. (a) 75As NQR spectra of LaFe1−xMnxAsO0.89F0.11 for
different Mn contents, measured at T = 77 K for x � 0.2% and
T = 100 K (above Tm) for x > 0.2%. The solid lines are fits to a
sum of two Gaussian functions. (b) Frequency of the low- (blue
diamonds) and high-energy (red pentagons) peaks as a function of
Mn content. The dashed lines are a guide to the eye. (c) Weight of the
low-frequency peak as a function of Mn content, the dashed line is a
guide to the eye.

electronic ground state. According to Lang et al. [47], the
low- and high-frequency NQR peaks should be associated
with nanoscopically segregated regions with different electron
doping levels. In particular, the low-frequency peak should
be associated with a lower electronic concentration of weakly
itinerant electrons. Hence the increase in the magnitude of
the low-frequency peak above x = 0.2% indicates a tendency
towards electron localization. This finding is also corroborated
by the rapid increase of the electric resistivity as a function
of Mn content previously observed [31,49] across the metal-
insulator crossover taking place around x = 0.2%. A similar
rise in resistivity was also observed [16] in LaFeAsO1−xFx

with decreasing F content. One would expect that since
LaFeAsO1−xFx is characterized by Fermi pockets, a scattering
center such as Mn would induce in any way charge localization.
However, this can occur only if the response function of the
bare system is strongly enhanced, as it is the case for La1111
but not for Sm1111. We add here that the increase of the
resistivity and the slight increase of the lattice constant c

follow the suppression of the superconductivity (see Fig. 12
of Ref. [31] for details). In fact, the c axis value appears to
correlate with the Tc value, irrespective of the microscopic
mechanism of suppression.

In order to further clarify the origin of the dramatic
effect of Mn doping in LaFeAsO0.89F0.11, we carried out
real space theoretical calculations using a realistic five-band
Hamiltonian [27,50] (see Ref. [38]). In Ref. [27], it was
demonstrated that in this framework the enhanced spin corre-
lations developing around Mn severely speed up the reduction
of Tc driven by the magnetic disorder, and may quench the
entire superconducting phase already at Mn concentrations
below 1%. The Mn moments, while substituting random
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FIG. 5. (a) Induced magnetic order m(r) for 0.55% Mn moments
and (b) its Fourier transform |m(q)|. (c) Local phase map θ (r) =
arctan(|c1(r)|/|c2(r)|) showing the ordering vectors on the lattice: θ =
0 and π/2 for single-Q Q1 (blue) and Q2 (red) domains, respectively,
and θ = π/4 for double-Q regions (white). The coefficient associated
with Q1 (Q2), cl(r) = ∑

n cn exp[i(qn − Ql)r], is calculated by a
filtered Fourier transform with the {qn} wave vectors contained inside
the blue and red squares shown in panel (d). The inset illustrates the
definition of the local phase θ (r).

Fe positions, orient their moments favorably to generate a
long-range ordered SDW phase, which minimizes the total free
energy of systems at the brink of a SDW instability [51,52].

In Fig. 5(a), we show the total magnetization for a collection
of 0.55% Mn ions randomly placed in the square Fe lattice.
This concentration of Mn is able to fully suppress Tc and
spin polarize all Fe sites (which were all nonmagnetic without
Mn impurity ions). The Mn-induced magnetic order existing
in the interimpurity regions is long-ranged as reproduced by
the sharp peaks in Fig. 5(b), which are absent in the Mn-free
compound. A small fraction of the sites, roughly corresponding
to the Mn sites and to their nearest neighbors (amounting to
∼ 5% of the lattice) exhibits a significantly larger moment, in
overall agreement with the above discussion of the 75As NMR
data (see Fig. 2).

The magnetic order generated by Mn doping is efficiently
stabilized due to correlation-enhanced RKKY exchange cou-
plings between neighboring Mn ions. The structure of the
induced order is thus dictated by the susceptibility of the
bulk itinerant system, which, in the present case, is peaked at
Q1 = (π,0) and Q2 = (0,π ) regions. In Fig. 5(c), we provide
a real-space map of the dominant momentum structure by

utilizing a filtered Fourier transform illustrated in Fig. 5(d)
and the associated caption. As seen, the system breaks up into
regions of single-Q domains, i.e., either Q1- or Q2-dominated
regions, and does not exhibit substantial volume fraction of
double-Q order [37]. This is consistent with the presence of
a (reduced) orthorhombic transition associated with the Mn-
induced magnetic order, as found by 75As NQR (see Fig. 3).
All these theoretical results match with the experimental
outcomes.

Overall, the above scenario is a clear indication that in
LaFeAsO0.89F0.11, superconductivity emerges from a strongly
correlated electron system close to a metal-insulator transition.
The electron correlations are so strong that, owing to the
enhanced spin susceptibility at Q = (π,0), the effect of a tiny
amount of impurities extends over many lattice sites, giving
rise to a sizable RKKY coupling among them, able to abruptly
destroy superconductivity and to restore the stripe magnetic
order. The onset of the magnetic order is intimately related with
the charge localization [31] and hence to the Tc suppression.
This situation is reminiscent of the phenomenology observed
in heavy fermion (HF) compounds [53,54] where the FL phase
vanishes and a magnetic order arises in correspondence of
a QCP when the RKKY interaction overcomes the Kondo
coupling. For example, in CeCoIn5, a HF compound, it was
shown that a tiny amount of Cd doping restores the long-
range antiferromagnetic (AF) order [4,5,55] and suppresses
the superconducting dome developing around the quantum
critical point separating the FL from the AF phase. In
LaFe1−xMnxAsO0.89F0.11 the Kondo coupling would involve
itinerant and more localized 3d electrons [19,56,57] playing
a role analogous to the f electrons in the HF. When these
latter electrons finally localize, the RKKY coupling among
Mn impurities leads to the recovery of magnetism and the
suppression of the metallic superconducting state.

The abrupt suppression of the superconducting phase and
the recovery of the magnetic order and of the structural T-O
transition give compelling evidence that the optimally F-doped
LaFeAsO is at the verge of an electronic instability, close to
a QCP [32]. Previous experimental results have shown that
this system can be driven away from the QCP via the total
substitution of La with Nd or by the partial substitution with
Y [33,34], which shrink the structure and cause a reduction of
the electronic correlations [27]. Hence the Ln1111 compound
can be considered as a formidable example of how the
electronic properties of strongly correlated systems can be
significantly affected by fine-tuning the correlation strength
with impurities and chemical pressure.
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