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Revisiting the phase diagram of LaFe,_,Co,AsO in single crystals by thermodynamic methods
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In this work we revisit the phase diagram of Co-doped LaFeAsO using single crystals and thermodynamic
methods. From magnetic susceptibility studies, we track the doping evolution of the antiferromagnetic phase
to reveal a continuous suppression of 7y up to 5% Co doping. To study the evolution of the so-called nematic
phase, the temperature dependence of the length changes along the a and b orthorhombic directions, AL/L,
was determined by high-resolution capacitance dilatometry. The results clearly show a gradual reduction of the
orthorhombic distortion § and of Tg with increasing Co content up to 4.5%, while it is completely suppressed for
7.5% Co. Bulk superconductivity was found in a small doping region around 6% Co content, while both 7; and
the superconducting volume fraction rapidly drop in the neighboring doping regime. Ultimately, no microscopic
coexistence between the superconducting and magnetic phases can be assessed within our resolution limit, in
sharp contrast with other iron-pnictide families, e.g., electron- and hole-doped BaFe,As;.
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I. INTRODUCTION

Since the discovery of high-temperature superconductiv-
ity in F-doped LaFeAsO by Kamihara et al. [1], iron-based
superconductors (IBSs) were extensively studied and new
families were soon discovered and successfully synthesized.
The different compounds are classified by their stoichiome-
try, such that the most prominent families are denoted 1111
(e.g., LaFeAsO [1]), 11 (e.g., FeSe [2]), 122 (e.g., BaFe,As,
[3D), and 111 (e.g., LiFeAs [4,5]). The phase diagram of
electron-doped 1111 systems has been extensively studied
for polycrystalline samples over the past decade [6—11]. This
family of compounds, REFeAsO (RE= La, Ce, Sm), differ-
ent from other iron pnictides, has well-separated structural
(Ts) and magnetic (7y) transitions and shows a broad region
of electronic nematic order below ~160 K. Bulk supercon-
ductivity can be induced by a small amount of electron
doping and this family constitutes the highest achieved super-
conducting transition temperatures (7;) to date among IBSs
[1,12-15]. According to several theoretical and experimental
works, structural, magnetic, and orbital degrees of freedom
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are closely intertwined and lead to broken C4 symmetry in
the FeAs planes below Tg, resulting in anisotropic behavior of
several physical quantities within the ab plane [16-21].

LaFeAsO proves to be particularly interesting for the study
of such phenomena because it is not influenced by an addi-
tional magnetic sublattice of 4 f electrons in the REO layers
compared with, e.g., SmFeAsO. Previous studies on Lallll
polycrystals revealed a strong suppression of the nematic
phase with increasing F doping, a first-order-like transition
as a function of electron doping (at ~5%), and a substan-
tial separation of the antiferromagnetic spin-density wave
(SDW) and the superconducting (SC) phases [22-28]. This
picture appears to be confirmed in the case of Co-doped
LaFeAsO polycrystals, where the SDW-nematic transitions
are only observable above ~100 K and disappear already
at very low doping levels (<2.5%). Superconductivity only
develops above this threshold, suggesting competition be-
tween these phases [29,30]. In this context, the phase diagram
of electron-doped Lallll seems to be rather unique with
respect to other families of IBSs as well as other RE1111
systems. More recent nuclear magnetic resonance (NMR) and
nuclear quadrupolar resonance (NQR) studies [22,23] suggest
a more gradual suppression of the SDW-nematic phase in
F-doped Lallll. The apparent discrepancy between these
studies highlights the need of a further investigation of the
phase diagram.

In this context, capacitance dilatometry proved to be a
very sensitive tool to probe not only the small orthorhombic
distortion, considered as the hallmark of the nematic transi-
tion, but also magnetic and superconducting transitions within
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the IBS families [31-37]. In fact, detailed thermodynamic
studies of the 122 family [Ba,_,Na,Fe,As,, Sr;_,Na,Fe,As,,
BaFe,(As;_Py),] revealed a multitude of new magnetic
phases that emerge in the vicinity of the superconducting
dome, thus providing further insight into the interplay of such
phases with superconductivity [31-34]. Similar techniques
were successfully applied to FeSe crystals, that appear to
behave differently from other Fe-based compounds and the
effect of nematicity on superconductivity is still debated. As
an example, in FeSe;_,S, and Fe;_,Co,Se the increase of
the superconducting transition temperature (7;) appears to be
followed by an enhanced orthorhombic distortion, in sharp
contrast to other Fe-based compounds [35-37]. In this con-
text, a precise determination of the phase diagram of 1111
systems on single crystals is highly desirable, because the
understanding of the origin of nematicity and the study of
its possible interplay with the magnetic and superconducting
phases will give important clues about the nature of the pairing
mechanism in this class of high-temperature superconductors.

Although LaFeAsO was the first reported compound of
this class of materials, the lack of macroscopic single crystals
has so far hindered a more comprehensive investigation of su-
perconductivity in the 1111 family. The successful growth of
macroscopic facetted LaFeAsO single crystals by solid-state
crystal growth (SSCG) was recently reported [38]. In fact, the
use of single crystals is especially important for this class of
materials, for which the study of the anisotropic quantities
within the ab plane is crucial to investigate the nematic phase
as a precursor to superconductivity [39—42]. In particular, for
the purpose of this study, the improved growth along the ¢
axis with clear facets allows a more precise orientation of
the crystals for thermal-expansion measurements in order to
resolve the small lattice distortion in the ab plane. Although
other papers show various measurements on 1111 single crys-
tals [43—45], a thorough investigation of the phase diagram of
Lallll is still not reported in literature.

In the present work, the phase diagram of Co-doped
LaFeAsO was re-investigated on macroscopic faceted single
crystals by means of thermodynamic probes. Magnetization
and specific-heat measurements were used to probe the sup-
pression of the antiferromagnetic SDW transition 7y as a
function of nominal Co content. Direct substitution with Co
on the Fe site within the FeAs plane assures better control
of electron doping; however we find that in-plane doping
simultaneously induces a higher degree of structural disor-
der in comparison with out-of-plane F doping. To investigate
the evolution of the orthorhombic distortion and to verify
the presence of a long-range nematic phase in the higher-
doping region, the temperature dependence of the linear
thermal-expansion coefficient was obtained in the a and b
crystallographic axes for several Co doping compositions.
This way, we are able to establish important new key features
within the phase diagram, as well as to obtain qualitative state-
ments on the uniaxial pressure dependence of the magnetic
transition temperature.

II. EXPERIMENTAL DETAILS

Single crystals of LaFe;_,Co,AsO were grown by solid-
state crystal growth. The growth process resulted in macro-

scopic single crystals up to 1 x 3 x 0.4 mm?>. The growth
together with the structural and magnetic characterization of
the parent compound have been reported by the authors in a
previous work [38] in which the phase purity of the parent
compound is demonstrated and discussed in detail. Co doping
compositions throughout the series were measured by energy
dispersive x-ray diffraction (EDX), giving a good agreement
with the nominal compositions. Note that a few preliminary
thermal-expansion data published previously [46] are labeled
by the Co contents obtained from the EDX investigations,
while nominal compositions will be used in this work and
related papers [23,39-42,47].

The DC magnetization was measured as a function of tem-
perature and magnetic field by means of a superconducting
quantum interference device vibrating sample magnetome-
ter (SQUID-VSM) by Quantum Design. For temperature-
dependent experiments, the sample was cooled down to 1.8 K
in zero field and the measurement was performed upon warm-
ing from 1.8 to 300 K with an applied external field within the
ab plane (H || ab). To probe the superconducting transition,
zero-field-cooled (ZFC) and field-cooled (FC) magnetization
measurements were performed in an external magnetic field
of 10 Oe.

Specific-heat (Cp) measurements were performed by the
relaxation method using a Physical Property Measurement
System (PPMS) from Quantum Design. Prior to each sample
measurement, the contribution from the platform of the puck
and the grease, which was used to assure a good thermal
contact with the sample, had been measured at O T to prop-
erly subtract this background from the total heat capacity
measured by the PPMS. Note that this method is not able to
quantify first-order transitions, where latent heat is involved.
However, on a qualitative level structural first-order transi-
tions can still be pinned down.

High-resolution capacitance dilatometry was used to probe
the temperature evolution of lattice parameters throughout
the Co-doped series by orienting the samples along differ-
ent crystallographic axes. A commercially available cell [48]
was adapted to be used with the PPMS cryostat by Quan-
tum Design in order to sweep temperature (1.8-300 K) and
magnetic field (0-9 T). The capacitance signal was detected
by a capacitance bridge with a resolution up to 10~ pF. For
the present work, the relative length change (AL/Ly) was
measured for the directions [100]r and [110]r, referring to
the high-temperature tetragonal phase. The sample was slowly
cooled down to 1.8 K and measured in zero field and upon
sweeping temperature to 250 K at 0.2 K/min. The back-
ground, given by the thermal expansion of the dilatometer cell,
is estimated by measuring AL/Ly (T) for a Cu reference sam-
ple, from which the literature values for pure Cu is subtracted,
as described in previous reports [48].

III. RESULTS

A. Long-range magnetic order and superconductivity

Figures 1(a)-1(h) show the magnetization as function of
temperature throughout the Co-doped series from the parent
compound to the overdoped 7.5% Co content. The x(7')
curve of the parent compound LaFeAsO at uoH =1 T is
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FIG. 1. Normalized magnetization M/H for the LaFe,_,Co,AsO
series: (a) parent compound, (b) 2.5%, (c) 3% (taken from Ref. [42]),
(d) 3.5%, (e) 4.5%, (f) 5%, (g) 6%, (h) 7.5% nominal Co content. A
field of uoH = 1 T was applied within the ab plane (in some cases a
field of 6 T was applied in order to improve the resolution). The insets
for panels (a)—(e) show the temperature derivative of M/H, while for
panels (f)—(h) the volume susceptibility is shown for H = 10 Oe at
low temperature for both ZFC and FC measurement conditions [49].

shown in Fig. 1(a). At high temperatures, a linear temperature
dependence is visible, well known from the polycrys-
talline samples and previously interpreted as a manifestation
of short-range antiferromagnetic correlations that are still
present above the nematic phase [24]. As the temperature is
lowered, two clear anomalies are visible in the magnetiza-
tion curve below 200 K. The use of single crystals allows
for an improved resolution in the measurements, while much
broader transitions were observed in previous reports, as ex-
pected from the use of polycrystalline samples [24,29,30]. The
inset of Fig. 1(a) depicts the derivative dI%H , where two sharp
peaks are visible at 146 and 124 K, assigned to the structural
and magnetic transitions, respectively.

Upon substituting Fe by Co atoms in the FeAs planes,
the two distinct anomalies in x(7) persist up to 2.5% Co
content [Fig. 1(b)], where both transition temperatures appear
to be significantly lowered. It has to be noted that, while the
low-temperature magnetic anomaly remains relatively sharp
and clearly visible in the magnetization curve, the high-

temperature structural transition appears to be progressively
broadened with increasing Co content. In fact, for 0.025 <
x < 0.05 Co, only a single anomaly can be discerned. Fol-
lowing the aforementioned observation as well as comparing
with thermal-expansion measurements (see Sec. III B), the
single peak anomalies found in the intermediate doping region
have been assigned to the SDW ordering [Figs. 1(c)-1(e)].
This magnetic transition temperature shows a strong and
continuous lowering from ~124 K in the parent compound
to ~20 K in the 4.5% Co doped sample, followed by a
complete suppression of the anomaly for the 5% and higher
Co-doped samples. These results are in good agreement with
measurements of the spin-lattice relaxation rate divided by
temperature (1/7;7T), which were performed on the same
batch of samples [40]. Notably, although 7y is gradually
suppressed, the magnetic anomaly in x(7) does not seem
to significantly broaden with Co doping. This behavior is
in agreement with the results reported by Prando ef al. [50]
for CeFeAsO, where the doping dependence of the magnetic
anomaly is not changed with respect to in-plane (Fe;_,Co,) or
out-of-plane (O;_,F,) substitution and the phase boundaries
sit on top of each other. This suggests that the SDW instability
in the 1111 family is surprisingly stable with respect to in-
plane disorder. In fact, in our x(7) curves, clear magnetic
anomalies can be probed until their complete suppression at
~5% Co doping, while the structural transition is continu-
ously broadened with increasing Co content.

The insets of Figs. 1(f)-1(h) show the superconducting
transition for 5%, 6%, and 7.5% Co compositions. The tran-
sition temperatures were determined by a linear construction
close to the bifurcation point between the ZFC and FC curves.
Bulk superconductivity can be observed for the 6% Co sample
[inset of Fig. 1(g)], with the highest transition temperature
T. ~ 11 K. This is in good agreement with the values pre-
viously found for polycrystalline samples [29,30]. For the
neighboring compositions a volume fraction <2% suggests
spurious superconductivity, possibly related to surface super-
conductivity or too small superconducting regions rising from
an inhomogeneous doping distribution within the sample. The
latter observation would suggest that superconductivity in
Co-doped Lallll develops in a very confined doping region
around 6% Co content. This scenario is supported by means of
resistivity measurements as a function of temperature reported
by Hong et al. [39], suggesting a fast suppression of the
superconducting phase in the immediate vicinity of the 6%
composition. Also, NMR spectroscopy measurements show
evidence for short-range magnetic ordering in 4.2% and 5.6%
Co samples, which would further support the presence of
inhomogeneous behavior in this doping region [40]. It has to
be noted that, while electron doping is necessary to induce
superconductivity, in-plane disorder introduced by Co doping
proved to be detrimental for this phase in 1111 systems with
respect to out-of-plane F doping, as also demonstrated for
CeFeAsO [50], showing significantly lowered critical temper-
atures.

Figure 2 shows the heat capacity of some representative
compositions. The total heat capacity is composed of

Cp =Cy + Cph + Cmagv (D
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FIG. 2. Specific heat of LaFe,_,Co,AsO for (a) the parent com-
pound and for 7.5% Co as well as (b) for 6% Co doping. The inset
shows the determination of the superconducting transition tempera-
ture from the subtracted signal AC, /T = M, approximating
the specific-heat contribution from the superconducting phase. The
offset in C, for T > 150 K between the 0% and 7.5% Co is most
probably due to the difference in the sample coupling at high

temperature.

representing the electronic (C,;), phononic (Cp;), and mag-
netic (C,4,) contributions.

Figure 2(a) shows the heat capacity results for the parent
compound and for a 7.5% Co-doped sample. The undoped
LaFeAsO sample, reported in our previous work [38], has
a clear additional contribution above the background (Ce; +
Con) for T > 100 K. Additional C, contributions are mainly
observed for the structural phase transition at Ty = 147 K,
while a smaller anomaly at lower temperature can be assigned
to the ordering of the SDW phase at Ty = 124 K [38]. In
contrast, for the highest doped compound [Fig. 2(a)], no addi-
tional entropy contributions can be recorded in C,, signaling
the suppression of the magnetic and nematic phases for 7.5%
Co substitution, in agreement with our y (7)) measurements.

The low-temperature specific heat for the 6% Co-doped
sample is shown in Fig. 2(b) for zero field and for an external

field of 9 T applied along the ¢ axis. To extract the SC transi-
tion temperature, the 9 T curve was used as an approximation
for the normal-state specific heat capacity for 7 > 2 K, yield-
ing a superconducting transition temperature 7. = 10.5 K via
an entropy-conserving linear construction [see the inset of
Fig. 2(b)]. It has to be noted that an external magnetic field
of 9 T shifts the superconducting transition temperature to
much lower temperature 7 < 2 K, such that the electronic
specific-heat contribution from the superconducting phase can
be neglected in the vicinity of the O T transition around 10 K,
while the electronic and phononic terms should remain ap-
proximately unchanged by the field. The manifestation of an
anomaly at 7; in the C, studies of this composition further
supports the bulk character of superconductivity. Correspond-
ingly, the lack of a detectable anomaly in C, for the 7.5%
Co-doped sample is consistent with the small volume fraction
of SC observed via x.

B. Orthorhombic lattice distortion

To probe the orthorhombic lattice distortion, we performed
thermal expansion measurements on some representative
compositions throughout the series, thereby extracting the
relative length changes AL/L as a function of temperature,
where L is the sample length at 300 K. The linear thermal-
expansion coefficient can be obtained as the derivative of the

length changes as
1 /0L, @
ai =7\ = ’
Lo\ oT /,,

where i represents the a or b crystallographic axis in the
orthorhombic phase.

Due to the particular design of the dilatometer, a small
uniaxial force is always applied to the sample in order to fix
it to the capacitor plates and it can be used to actively detwin
the crystals, as demonstrated by previous reports [31,32,34].
By orienting the crystal in the [110]7 direction in the tetrag-
onal phase, a so-called detwinned measurement is performed,
yielding Ab/by in the orthorhombic unit cell, while the ap-
plication of a small force in the [100]; direction leads to a
signal (twinned measurement) corresponding to an average
of the two axes, i.e., %(ﬁ—;‘ + ﬁ—f). The length changes of the
a parameter (Aa/ap) are obtained by subtraction of the two
signals [schematics of sample orientations are shown in the
inset of Fig. 3(c)]. Figure 3(a) depicts AL/L, for the two crys-
tallographic directions in the ab plane. The splitting between
AL/Ly along the a and b directions for T < Ty is an indicator
of the nematic phase. The lattice distortion is largest for the
parent compound LaFeAsO and is progressively reduced and
the transition is substantially broadened by electron doping
but is still present up to 4.5% Co content. The precise deter-
mination of the transition temperatures can be obtained from
the thermal-expansion coefficient & [shown in Fig. 3(b)]. For
the parent compound one clear anomaly can be detected at
the structural transition 7s = 147 K, followed by a smaller
peak indicating long-range magnetic ordering at 7y = 124 K.
These anomalies are strongly suppressed and broadened upon
Co doping, with Tg shifting from ~147 K down to ~60 K
for samples with 4.5% Co content. In magnetization measure-
ments (see Sec. III A) the structural phase transition could
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FIG. 3. Thermal expansion of the LaFe,_,Co,AsO series:
(a) normalized length changes AL/Ly, (b) linear thermal-expansion
coefficient ¢, and (c) orthorhombic order parameter §. The dashed
lines represent the structural transition temperatures 7g for differ-
ent Co contents, while the magnetic transition temperatures 7y are
marked by arrows in panel (b). The inset of panel (c) shows a
schematic representation of the twinned and detwinned measurement
configurations. The curves for 0%, 2.5%, and 3% Co are taken from
Ref. [46]. Note that the pressure applied to each crystal in the series
varies due to the specific geometry and dimensions of each sample.

not be detected for x > 2.5% Co doping, pointing at a weak
coupling between lattice and spin degrees of freedom together
with an intrinsic broadening in temperature upon in-plane
dilution with Co. In contrast, for the highly doped 7.5% Co
sample, the detwinned curve does not show any anomalous
contribution above the phononic background, indicating that
C4 symmetry is maintained in the full temperature range and
that the nematic phase is completely suppressed.

Figure 3(c) presents the extracted orthorhombic distortion
order parameter. By knowing the relative length changes and
the structural parameter ag in the tetragonal phase determined
by XRD diffractometry at room temperature, the temperature
evolution of the lattice parameters can be calculated. The
orthorhombic order parameter is then given by

a—>b

T @

where a and b are the in-plane lattice parameters in the
orthorhombic phase. The magnitude of the distortion is pro-
gressively reduced with increasing Co content. As reported
by Wang et al. [46], the overall distortion of 1.8 x 1073 (in
the limit 7 — 0) for the parent compound is considerably
smaller than the values found for other IBSs. By comparing
with previous works, we noted that the 6 for LaFeAsO is
reduced by a factor of 0.5 and 0.6 is found compared with
BaFe,As; [31,32,51] and FeSe [35-37], respectively.

Also, for all measured compositions with x = 0%—4.5%
Co the onset of the orthorhombic distortion happens at higher
temperatures with respect to the determined 7g [as shown
in Figs. 3(a) and 3(c)]. In fact, for the parent compound, as
shown in Fig. 3(b), the peak associated with the structural
transition in «y, signals Tg, while the transition width extends
for ~10 K above 5. Such a phenomenon was also seen in
polycrystalline F-doped LaFeAsO samples [9,52], interpreted
as the softening of the lattice in the ab plane due to a precursor
state of nematic fluctuations above the long-range nematic
phase. In our case though, different contributions might take
part in the overall broadening in temperature of the structural
transition: (i) the presence of fluctuations preceding the long-
range transition, allowing a partial distortion of the tetragonal
symmetry already above the transition temperature; (ii) the
small uniaxial pressure applied for the thermal-expansion
measurement along the b axis used to detwin the sample [53];
(iii) ultimately, Co/Fe substitution inducing disorder in the ab
plane. The thermal-expansion coefficient was measured as a
function of temperature at different applied uniaxial pressures
in order to verify the long-range character of the structural
transition for doped compositions as well as to disentangle
these effects and verify the possible presence of nematic fluc-
tuations for T > Ts.

C. Pressure dependence of T and Ty

Figure 4 shows the uniaxial pressure dependence of the
thermal-expansion curves in the detwinned direction (Ab/b)
for 0% and 4.5% Co doping. The structural anomaly in
LaFeAsO is progressively broadened and shifted to higher
temperature, as expected from the application of uniaxial pres-
sure along the b axis [55,56]. Notably, the same behavior can
be seen for the 4.5% Co sample. In particular, by decreasing
the applied uniaxial pressure (pp) down to ~2.5 MPa, the
peak connected to the structural distortion becomes sharper,
eventually resembling a A-shaped anomaly indicative for a
second-order phase transition, thus confirming the long-range
character of the nematic transition in the range of 0% to 4.5%
Co doping.

To distinguish the intrinsic behavior of the system from the
external factors mentioned in the previous section (i.e., Co
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FIG. 4. Uniaxial pressure dependence of the thermal-expansion
coefficient in the detwinned direction («;) of LaFe;_,Co,AsO for
(a) the parent compound and (b) 4.5% Co doping [54]. It has to be
noted that the application of increasing uniaxial pressure does not
substantially increase the overall orthorhombic distortion, confirm-
ing the almost complete detwinning of the measured samples.

substitution and uniaxial pressure), we additionally consider
the parent compound. This way, the effect of disorder given
by Co substitution can be neglected, and the pure pressure de-
pendence of «y, is studied. The high-T tail is strongly modified
by the applied uniaxial pressure as shown in Fig. 4(a), and
at the lowest pressure (2.3 MPa) the tail is strongly reduced
with the structural transition being considerably sharp. There-
fore, the presence of a previously reported fluctuation regime
above Ty cannot be unambiguously confirmed for the parent
compound from our dataset. Still, as previously reported [46],
the rather good qualitative agreement between the temperature
dependence of § by neutron diffraction [11] and dilatometry
suggests an intrinsically broadened phase transition even for
the parent compound.

The uniaxial pressure dependence of second-order phase
transitions, in the case of jump-like anomalies, can be ex-
tracted by combining specific-heat and thermal-expansion
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FIG. 5. Anomalies in the linear thermal-expansion coefficient for
the a and b axes for 0%, 2.5%, and 3% Co content. The nonmagnetic
contribution was approximated by using the thermal expansion co-
efficient obtained for the overdoped 7.5% Co, which does not show
any transition in any of the thermodynamic quantities under studies.

measurements through the Ehrenfest relation,

dTN — TV AO[,' (4)
dpi — IN mACpa

where Aa; and AC, correspond to the height of the thermal-
expansion and the specific-heat anomaly, respectively (i
denotes the crystallographic direction), V,, is the molar vol-
ume, and 7Ty is the transition temperature into the SDW state.
Figure 5 shows a summary of the thermal-expansion anoma-
lies for the a and b axes up to 3% Co content [note that the
curve for the 4.5% Co-doped sample was excluded because
the magnetic anomaly found in x(7") could not be resolved
in o due to the small amplitude of the related lattice distor-
tion]. The nonmagnetic contributions (approximated by the
thermal-expansion curve of the 7.5% Co-doped sample) were
subtracted in order to obtain ®anomalies- 1IN OUr measurements
the entropy changes at the magnetic ordering temperature
appears to be much smaller than at the structural transition in
both C,, and «;, making the determination of AC, and Aq; on
a quantitative level difficult and subject to big uncertainties.
Still, from the sign of the anomalies (AC, > 0, Aa, <0,
Aay > 0), an opposite effect can be expected for the transition
temperature for uniaxial pressure in the a and b directions,
i.e., % < 0 and % > 0 (see Fig. 5). Furthermore, the sim-
ilar size of the magnetic anomalies in the phonon-subtracted
thermal-expansion coefficient (¢¢ynomaties) SUggests that the in-
plane pressure dependence is most probably comparable in
size for the a and b axis. Interestingly, the volume thermal
expansion was previously measured in LaFeAsO polycrystals
by Wang et al. [52], where an overall negative hydrostatic
pressure dependence was determined for 7y.
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FIG. 6. Phase diagram of Co-doped LaFeAsO single crystals.
Points from NMR spectroscopy and resistivity on the same series of
single crystals were added from Refs. [40] and [39], respectively. The
shaded area within the orthorhombic-paramagnetic phase represents
the doping region (4.5%—6% Co) where direct lattice probes are
not available. The phase boundaries for the nematic state in this
region are extrapolated from the data points of neighboring composi-
tions. The color code in the superconducting dome reflects the rapid
decrease of volume fraction estimated from magnetization measure-
ments around the optimally doped 6% Co content, as described in
Sec. IITA.

IV. PHASE DIAGRAM

Figure 6 shows the x-T phase diagram of LaFe;_,Co,AsO,
which summarizes the transition temperatures extracted from
different thermodynamic probes on our substitution series.
The system proves to be very sensitive to Co doping and the
transition temperatures 7g and Ty are continuously suppressed
by ~100 K up to 4.5% Co doping, while both phases are
absent in the 7.5% Co-doped samples. The suppression of
the magnetic SDW phase can be inferred from the disap-
pearance of the respective anomaly in the x(7") curves for
x 2 5% [Figs. 1(f)-1(h)], suggesting the full suppression of
long-range magnetic order between 4.5% and 5% doping.
Superconductivity was found in a small region of Co doping
around 6% Co with a maximum 7; = 10.5 K.

Different from our results, Wang et al. [30] found that
in polycrystalline Co-doped Lallll the orthorhombic-SDW
phase could be detected only between 0% and 2.5% Co and
superconductivity develops as a separate phase for x > 2.5%.
A similar behavior was found in previous reports [8,9] on
F-doped polycrystalline samples, with a modest suppression
of the long-range nematic order at (nominal) low doping con-
centrations, which is lost abruptly at 5% F content in favor
of a short-range nematic order and a broad superconducting
dome. The apparent discrepancy with respect to our data
can possibly be attributed to an increased resolution obtained
by measuring single crystals directly in the ab plane, thus
assessing more subtle features and anisotropies with respect
to magnetic and structural changes. Also, more recent works
[22,23] reported a generalized phase diagram for F-doped
REFeAsO polycrystals, where the actual doping content in

the FeAs plane is estimated from the spectral weight trans-
fer between different peaks in the NQR spectra. Through a
careful correction of the doping content, it was shown that
the SDW phase in La-based systems is gradually suppressed
with increasing doping. Furthermore, no coexistence between
superconductivity and long-range magnetism was observed.
Both of these conclusions are in good agreement with the data
reported in this work.

The suppression of the magnetic SDW phase by ~5%
Co is also in agreement with a recent publication by Hong
et al. [39] showing elastoresistance (ER) measurements on
the same batch of Co-doped single crystals. The ER curves
reveal a local maximum in the nematic susceptibility (Xpem)
around 4% Co content, which may be explained by enhanced
fluctuations in the vicinity of a possible quantum critical
point.

A NQR analysis of F-doped Lallll showed that the
electron content is not increased homogeneously within the
FeAs planes upon F doping, but instead intrinsic electronic
phase separation occurs on the nanoscale, resulting in high-
doping-like (HD) and low-doping-like (LD) regions [22,57].
The same behavior was recently found for Co-doped Lallll
polycrystals [47]. It has been shown that the AFM-nematic
order develops in the LD-like regions of the sample, while
it is not present in the HD-like ones, which are in turn most
probably hosting superconductivity [23,47]. Thus, the gradual
suppression of the SDW phase and the onset of supercon-
ductivity was interpreted as related to a percolation threshold
for the HD-like regions. From our pressure-dependent studies
(see Sec. III C), the sharpening of the structural transition for
decreasing pressure in both the parent compound and the 4.5%
samples strongly suggests the persistence of the long-range
nematic order up to at least 4.5% Co, but it is fully suppressed
at 7.5% Co doping. Therefore, it is still unclear if the long-
range structural order can be sustained for the compositions
in the vicinity of the superconducting dome around 6% Co,
and whether such lattice distortion would still be present in the
nonmagnetic state. On basis of our results and of literature, it
is probable that the long-range character of the nematic order
would be lost above a certain Co concentration, corresponding
to the spatial growth of the HD-like regions for x > 5% Co
(shaded area in Fig. 6), as would be suggested by recent NMR
measurements for x = 0.056 [40]. However, further experi-
mental proof is needed to clarify this point.

Differences and similarities can be found with other fam-
ilies of IBSs: (i) the substantial phase separation between
long-range magnetism and superconductivity is in sharp con-
trast with a rather broad coexistence region found for 122
compounds, e.g., Ba(Fe;_,Co,),As; [6,58,59]; (ii) on the
other hand, although clear thermal-expansion measurements
in proximity to the optimally doped 6% Co sample are still
missing, the phase boundaries derived for the neighboring
compositions suggest an overall competing interaction be-
tween long-range nematic order and superconductivity, as
suggested by Hong et al. [39], in contrast with what was found
for S-doped FeSe. Ultimately, the above conclusions on the
LaFeAsO phase diagram, despite some clear differences, also
highlight many common features with other families of IBSs
(e.g., BaFe;As;) as well as with other REFeAsO compounds,
while previous studies hinted at a rather unique and peculiar
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behavior of electron doped LaFeAsO systems with respect to
other similar systems [9].

V. SUMMARY

In this work, we report the revisited phase diagram of
macroscopic faceted Co-doped LaFeAsO single crystals by
thermodynamic probes. The phase diagram proves to be sub-
stantially different from other families of IBSs. In fact, for
the parent compound, clear magnetic and structural transitions
can be distinguished. The long-range SDW phase was found
to be completely suppressed for 5% Co content, while super-
conductivity develops in a narrow doping region around 6%
Co doping, thus showing no evident coexistence between the
two phases, contrary to what was observed for 122 systems.
In addition, the use of single crystals allowed us to assess
the small orthorhombic distortion caused by the nematic or-
dering by means of high-resolution capacitance dilatometry.
These studies reveal a continuous reduction of the structural
transition temperature 75 upon doping up to 4.5% Co and a
complete suppression for 7.5% Co doping, in contrast with
previous reports on F- or Co-doped Lallll polycrystalline
samples.

For future works, it will be interesting to investigate the
behavior of the nematic phase in close proximity to the su-
perconducting dome in single crystals of Co-doped Lallll in
order to further clarify the interplay or competition between

these phases, as well as to compare these results with other
doping variants on single crystals, e.g., out-of-plane F doping
in Lallll. Such a comparison could also lead to a better
understanding of the general pairing mechanism of supercon-
ductivity in iron-based compounds.
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