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Mapping out the spin fluctuations in Co-doped LaFeAsO single crystals by NMR
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We determine the phase diagram of LaFe,_,Co,AsO single crystals by using nuclear magnetic resonance
(NMR). Up to a nominal doping of x = 0.03, it follows the phase diagram for F-doped polycrystals. Above
x = 0.03, the F-doped samples become superconducting, whereas for Co doping the structural and magnetic
transitions can be observed up to x = 0.042, and superconductivity occurs only for higher doping levels and
with reduced transition temperatures. For dopings up to x = 0.056, we find evidence for short-range magnetic
order. By means of relaxation-rate measurements, we map out the magnetic fluctuations that reveal the interplay
of nematicity and magnetism. Above the nematic ordering, the spin fluctuations in LaFe,_,Co,AsO are identical
to those in Ba(Fe,;_,Co, ),As,, suggesting that nematicity in LaFeAsO is a result of the fluctuating spin density

wave as well.
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The phase diagrams of unconventional superconductors
are complex and reveal different, often competing phases.
Antiferromagnetic order is the most common phase of parent
compounds, which is destroyed by doping and followed by
superconductivity. In iron pnictides, nematic order precedes
the antiferromagnetic spin density wave (SDW) order, and
there is a strong debate whether (i) spin fluctuations lead to
a breaking of tetragonal symmetry and induce nematic order
at Ty [1-9] or (ii) charge density fluctuations on the Fe d,,
and d, orbitals increase with decreasing temperature and lead
to an unequal charge density distribution below Tg, i.e., to an
orbital order [10—15]. Both magnetic and orbital fluctuations
have been considered to serve as the pairing glue for super-
conductivity [6,16-20]. One way to shed light on this problem
is to compare orbital and spin fluctuations above Tg, as well
as orbital order below Ty and SDW order below the mag-
netic transition temperature, Ty, in different families of iron
pnictides. However, the lack of doped single crystals of the
LaFeAsO family has prevented a full comparison with other
iron pnictides or chalcogenides until recently [15]. Moreover,
a comparison of different experimental techniques that probe
different magnetic or electronic degrees of freedom such as
spin or charge fluctuations is crucial in this context.

Here, we use nuclear magnetic resonance (NMR) to
map out the magnetic fluctuations in LaFe;_,Co,AsO sin-
gle crystals in order to reveal the interplay of nematicity
and magnetism. We compare our data with results published
for Co-doped BaFe,As;, FeSe, and polycrystalline F-doped
LaFeAsO. The phase diagram of LaFe;_,Co,AsO agrees well
with that of F-doped samples up to a nominal doping of
x = 0.03. Above this level, the F-doped samples become
superconducting, while the Co-doped samples still exhibit
nematic and SDW order up to x = 0.042. Superconductivity
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gradually sets in at 0.056, and 0.06 is the only concentration
with bulk superconductivity. Contrasting the spin fluctua-
tions measured by the spin-lattice relaxation rate, (T\TH)71,
in LaFe;_,Co,AsO with those of Ba(Fe ;_,Co,),As, shows
that above T, (T;T)~" is identical for samples with the same
Ts. This indicates that the leading instability is towards a
SDW in both compounds, in agreement with recent theoretical
predictions [8,9].

Co-doped single crystals of LaFeAsO were prepared
by solid state crystal growth [21] and were characterized
by x-ray diffraction, energy-dispersive X-ray spectroscopy
(EDX), dilatometry, susceptibility, specific heat, and elas-
toresistivity [15,22,23]. The sample sizes were smaller than
1 x 1 x 0.1 mm, and the maximal weight was about 0.3 mg.
NMR has been measured on the ”°As nucleus for magnetic
fields H oriented along [100]oho (or [010]orno) and along
[001] (called a, b, and c¢). Due to the particular position
of As in the crystal structure, >As NMR is an excellent
probe of stripe-type spin fluctuations in iron pnictides, which
can be measured by the spin-lattice relaxation rate and its
anisotropy [24-35]. Furthermore, the NMR spectra split at
the nematic ordering temperature due to an anisotropy of the
Knight shift and of the electric quadrupole interaction and can
thus distinguish the a and b directions in the orbital ordered
state [13,14,30,31,34,36-38].

In the upper row of Fig. 1 we show (T;T )~!. It increases at
Ty even more rapidly than a Curie-Weiss fit [(T,T)™' =a +
C/(T — Ty)] to the data above T, and reaches a maximum
at Ty. This behavior is the same for all samples that order
long-range magnetically, i.e., up to x = 0.042, and indicates
a critical slowing of stripe-type spin fluctuations towards the
magnetically ordered SDW phase. It is also found in magneti-
cally ordered F-doped polycrystals and in Ba(Fe;_,Co,),As;
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FIG. 1. Upper row: (T;T)~! vs temperature with the magnetic field applied along the ab plane. In the last panel, (7;T)~! of x = 0.06 F
doping (open triangles) is included for comparison [35]. The y axis for x = 0.056 and x = 0.06 is ten times zoomed compared with the
magnetically ordered samples. The green lines are Curie-Weiss fits with ® fixed to 7y. Middle row: Stretching parameter 8 of Tl_l; open
squares, stretching of the spin-spin relaxation rate 7,'. Lower row: Ratio R = T;./Ti,;. SC, superconductivity.

single crystals [27,29,35,39]. The maximum of (T;T)~" has
been taken as 7Ty, and the temperature where (7,7)~! in-
creases more rapidly than the Curie-Weiss fit defines 7s. These
temperatures agree well with bulk measurements [15,23].

For x = 0.056, (T;T)~! is strongly reduced and does not
reach a maximum anymore, i.e., long-range magnetic order is
absent. Note that the y axis in Fig. 1 is zoomed in by a factor
of 10 for x = 0.056 and 0.06. Critical spin fluctuations above
a potential magnetically ordered phase are definitely absent
for these two doping levels. For x = 0.056, (7;T )~ increases
monotonically down to the lowest measured temperature. Yet,
a slight change in slope is still visible at a temperature that
would agree with a potential structural transition. For x =
0.06, (T;T)~" goes through a broad maximum consistent with
a glassy freezing of spin fluctuations at low temperatures with-
out long-range magnetic order [35,40]. Below T, (LT)™!
decreases rapidly due to the opening of the superconducting
gap.

The middle row of Fig. 1 shows the stretching exponent,
B, of the decay of the nuclear magnetization, which indicates
a distribution of spin-lattice relaxation rates, where TI’1 is
the median of this distribution [41,42]. Stretched exponential
relaxation often occurs in disordered systems and is present
also for F doping [35,40] and in Ba(Fe;_,Co,),As; for doping
levels above x = 0.04 [27,39,41]. It has been attributed to a
coupling of the nematicity to random strain fields introduced
by the Co dopants [29]. Our observation of an enhancement of
the stretching at Ty for low Co concentrations (x = 0.03 and
0.035) seems to confirm this interpretation and is also consis-
tent with the absence of stretching in Ba(Fe;_,Co,),As, for
x < 0.04 [27], where the difference in temperature between
Ts and Ty is much smaller. 8 reaches a minimum of about
0.4, indicating that the relaxation rate varies by several orders

of magnitude within a sample [42]. More sophisticated anal-
yses of stretched relaxation to inspect the true distribution of
T1_] [29,43] could not be performed here owing to the limited
signal intensity of the small single crystals.

The lowermost row of Fig. 1 shows the ratio of (7;7)~!
measured for H||lab and Hl|c, R = leg/lel. Due to the
peculiar hyperfine coupling of the 7 As nucleus, R is about
1.5 for isotropic spin fluctuations above Ty and becomes
larger than 1.5 below Tg, where the spin fluctuations become
anisotropic [24-26,28]. All samples that order long-range
magnetically also show a clear change in R at the structural
phase transition. The change in R for x = 0.056 is smoothed,
indicating that a possible structural phase transition does not
occur in the bulk of this sample. Finally, for x = 0.06, R is
constant with temperature; that is, this sample is tetragonal
down to the lowest T'.

The NMR spectra are shown in Fig. 2 exemplarily for
x = 0.03, 0.042, and 0.056 for H ||[100]4rtho Or [010]ortho. The
spectra for x = 0.035 and 0.06 are shown in the Supplemental
Material [44]. For all doping levels that exhibit a structural
phase transition, the spectra broaden notably below Ts. Sur-
prisingly, the spectra broaden at T = 40 K for x = 0.056,
too, as can be seen in Fig. 3(a), where the full width at
half maximum (FWHM) is plotted against temperature. The
spectra of x = 0.03 even show remnants of a splitting, which
indicates the anisotropy between the a and b directions due to
the nematic transition [14,36]. For higher doping levels, the
reduced orthorhombicity, § = (a — b)/(a + b) [22], prevents
resolving the splitting. Undoped LaFeAsO exhibits a split-
ting of about 75 kHz, which is already on the order of the
FWHM for x = 0.03. The gradual increase in the linewidth
at Tg is another determination method of the structural tran-
sition temperatures, which agree well with those determined
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FIG. 2. NMR spectra for x =0.03, 0.042, and 0.056 for
H||[100]otho 01 [010]o5ho. Solid lines mark 7y, and dashed lines mark
Ts. For better visibility, spectra at low temperatures are enlarged. The
excitation bandwidth is about 100 kHz for single-frequency scans;
broader spectra were measured by a step-and-sum technique.

by (T,T)~". Note that for field orientation H||[110]oxho, the
FWHM increases only moderately with decreasing tempera-
ture; see Fig. 3(a). For this orientation, the spectra of undoped
LaFeAsO do not split below 75 [14]. The angular dependence
of the linewidth below Ts can be used to confirm the correct
orientation of the samples [44].

Below the SDW transition, the spectra shift to higher
frequency and further broaden, indicating the existence of
internal static hyperfine fields at the 7> As nuclei. The shift
and broadening are typical for the field orientation H ||ab [24].
With increasing doping, the hyperfine field quickly de-
creases [27]. The shift and broadening are therefore best
visible for the lowest doping level of x = 0.03 in Fig. 2.
In addition, the spectra develop a shoulder at even higher
frequency, indicating that some nuclei feel higher internal
magnetic fields. Interestingly, such a shoulder is also visible
for x = 0.056 below about 20 K and indicates that at least
parts of this sample develop static magnetism as well.

Another feature of the spectra is a loss of signal intensity
about 15-20 K above the magnetic ordering temperature.
Such a wipeout of signal intensity is also present in
Ba(Fe;_,Co,),As,, and has been ascribed to a shortening
of the spin-lattice and spin-spin relaxation rates and their
distribution over a few orders of magnitude [29,41]. This is
known as a dynamic wipeout, where the nuclei relax so fast
that they cannot be observed anymore. Our (7;T)~! and g
values for x = 0.03, 0.035, and 0.042 are very close to those
observed in underdoped BaFe, As;, and therefore a shortening
of relaxation times seems to be the main reason for wipeout
in underdoped LaFe;_,Co,AsO. However, the intensity de-
creases for x = 0.056 below about 20 K, too, despite the fact
that (7;T)~" is about ten times smaller for this sample.
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FIG. 3. (a) FWHM for all doping levels for H||[100] or [010].
Open symbols are for H||[110]. (b) Spin-spin decay of the nuclear
magnetization M,, for x =0.042. (c) M,, at t =0 s vs temper-
ature for x = 0.042 and x = 0.056. (d) Spin-spin decay for x =
0.056. (e) (I,T)~" for LaFe,_,Co,AsO with x = 0.035 and x =
0.06, for Ba(Fe;_,Co,),As, with x = 0.04 and x = 0.08 [45] and
for FeSe [13]. Solid down arrows indicate Ty, dashed-down arrows
indicate T, and up arrows indicate Ts.

To further investigate the development of magnetism in
the nematic phase, we measured the spin-spin relaxation rate
for x =0.042 and x = 0.056, i.e., at the border between
long-range magnetic order and superconductivity. The de-
cay of the in-plane nuclear magnetization M,, is plotted in
Figs. 3(b) and 3(d). M,, was fit globally at all temperatures for
a given sample to a combined exponential and Gaussian form:
M,y (t) = Mo exp[— (2t /T»)? ] exp[—(2t)*/2T%], where M is
the initial nuclear magnetization, and ¢ is the time between the
90° and 180° pulses. 75 is the exponential spin-spin relaxation
time, and T>; is the Gaussian relaxation time, which turned
out not to be temperature dependent [29,35,44,46].

B < 1 accounts for a distribution of spin-spin relaxation
times similar to the distribution of the spin-lattice relaxation
times. Yet, in contrast to 7}, § affects mostly the first few
tens of microseconds of the 7> relaxation, which is the time
slot that is most difficult to measure due to ringing of the
resonance circuit, especially for such small samples as have
been measured here [47]. B of T, is shown in the middle
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row of Fig. 1 in comparison to 8 of 7;. For x = 0.042, both
B show approximately the same temperature dependence,
whereas for x = 0.056, (7)) is notably smaller than B(73).
However, both data sets in Figs. 3(b) and 3(d) clearly show
that, even considering a stretching, M, (t = 0) decreases with
decreasing temperature [see Fig. 3(c)]. This is evidence for the
presence of local static magnetic fields below about Tsro =
42 K for x = 0.042 and below about Tsgo = 23 K for x =
0.056, in contrast to the mostly dynamic wipeout observed in
Ba(Fe;_.Co,),As;. These static magnetic fields shift a part of
the resonance out of the detection bandwidth of a relaxation
measurement, which was about 100 kHz. Static short-range
magnetism has also been found in F-doped LaFeAsO poly-
crystals below T and has been attributed to a nanoscale phase
separation in doped LaFeAsO [35,48], which we found for
Co-doped polycrystals as well [49].

A comparison of low-frequency spin fluctuations above Ty
with those in Ba(Fe;_,Co,),As; reveals whether the nematic
order is driven by magnetic fluctuations or by orbital or-
der [4,9]. Figure 3(e) shows (7} T)~! for two samples for each
of the different families, which have similar structural tran-
sition temperatures, namely, for Ba(Fe;_,Co,),As, with x =
0.04 from Ref. [27] and for LaFe;_,Co,AsO with x = 0.035
from this work. The relaxation rates for these two samples are
identical above T. Below Ty, (T;T)~! increases much faster
with decreasing temperature for Ba(Fe,_,Co,),As,. This is
also true for the undoped samples except for a constant offset,
if the temperature is normalized by Ty [44]. Differences in
spin fluctuations therefore appear only below Tg, possibly
caused by a stronger coupling of nematicity and magnetism
in BaFe,As, compared with LaFeAsO, in agreement with the
smaller difference of Ty and Ty in BaFe;As,. For optimal
doping levels which do not exhibit a structural transition,
(T;T)~! is again identical for both compounds down to the
superconducting transition temperature 7, [see Fig. 3(e)]. In
contrast, (737)~" of FeSe is even smaller than that of opti-
mally doped LaFeAsO and BaFe;As,, even below Ty [50].
Here, the coupling of nematicity and magnetism is even
weaker, so that no strong enhancement of low-frequency spin
fluctuations appears, either above or below T, and no static
magnetism develops despite the nematic order at 7y = 90 K.
These results suggest that the leading instability for LaFeAsO
and BaFe;As; is the SDW in agreement with recent theoreti-
cal considerations [8,9]. In contrast, FeSe shows a different,
possibly spin-orbital-intertwined nematic order without the
typical magnetic fluctuations that can be probed at the position
of the Se (or As) nucleus [13,51,52].

All results can be combined in the phase diagram in Fig. 4.
Up to x = 0.03 the phase diagram for Co doping coincides
with F-doped polycrystals, and 75 and Ty decrease lin-
early with doping. Above x = 0.03, F-doped samples become
superconducting, and nematicity and magnetism disappear
abruptly, whereas for Co doping, Ty and Ty can still be de-
tected up to x = 0.042. The sample with x = 0.056 shows
remnants of a structural transition [see Figs. 1 and 3(a)]
and short-range magnetic order below Tsgo ~ 23 K. This is
the first doping that exhibits superconductivity, albeit with
a reduced volume fraction and only in low magnetic fields
[superconducting quantum interference device (SQUID)].
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FIG. 4. Phase diagram resulting from NMR and SQUID sus-
ceptibility on Co-doped LaFeAsO single crystals compared with
F-doped polycrystals [35]. Closed symbols are from NMR, and open
symbols are from SQUID and dilatometry [23]. 7"™ is determined
by elastoresistivity [15].

Finally, x = 0.06 is the only doping with bulk supercon-
ductivity and absence of nematicity and magnetism [23].
Compared with Co-doped BaFe,As;, Ty and Ty decrease
much faster with doping in LaFeAsO, which is surprising con-
sidering the larger superconducting range for BaFe,;As; and
the higher 7;’s. This could be a consequence of a nanoscale
electronic phase separation in LaFeAsO [35], where doping
leads to a percolation of the magnetic square lattice and
therefore to a more effective suppression of nematicity and
magnetism. In contrast, superconductivity and magnetism can
coexist in Co-doped BaFe,As;, and no phase separation oc-
curs. However, the spin fluctuations are very similar in both
compounds and are not affected by the electronic phase sepa-
ration [48]. Interestingly, the nematic transition temperature
T™™ determined by elastoresistivity measurements on the
same LaFe;_,Co,AsO crystals [15] follows the short-range
magnetic order temperature determined here, indicating that
nematicity could be related to magnetism even for larger Co
contents in LaFeAsO.

In conclusion, we show that spin fluctuations determined
by NMR above the nematic ordering temperature are iden-
tical in LaFe;_,Co,AsO and Ba(Fe;_,Co,),As,. There is
strong evidence that spin fluctuations drive nematicity in
Ba(Fe;_,Co,),As; [4]. Therefore we speculate that nematic-
ity is a result of the fluctuating SDW order in LaFe;_,Co,AsO
as well. Recent theoretical work showed that the leading insta-
bility is towards a SDW in LaFeAsO and BaFe,As,, whereas
the leading instability in FeSe is orbital order [8,9]. Indeed,
the spin fluctuations measured by (7;7)~! in FeSe are much
weaker, consistent with the theoretical results. Furthermore,
the short-range magnetic ordering revealed by NMR could
be responsible for the anomalous doping dependence of 7"™
determined recently by elastoresistivity [15]. Therefore we
believe that nematicity is driven by spin fluctuations in Co-
doped LaFeAsO for all doping levels.
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