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Recent reports of superconductivity and magnetism in single crystals of [Li,_,Fe,OH]FeS show unexplained
variations in both superconducting and magnetic properties. We investigate the effect of hydrothermal growth
conditions on these properties and find that increasing the growth temperature systematically increases the
superconducting transition temperature (T,), sharpens the magnetic transition, and decreases the scattering rate
(I). The slow rate of T, suppression with increasing I indicates a conventional s-wave superconducting state

according to the Abrikosov-Gorkov expression. Samples with higher scattering rate show broader magnetic
transitions and a stronger temperature dependence in the magnetic susceptibility. These results identify disorder,
due to interstitial iron impurities, as the unique internal parameter responsible for the unexplained variations in
T, and magnetic ordering. We demonstrate the optimal hydrothermal growth conditions to minimize disorder
and maximize T in [Li; —,Fe,OH]FeS crystals.

1. Introduction

Mackinawite is a naturally occurring mineral of iron and nickel with
the formula (FeNi); .,S and a tetragonal unit cell in the space group P4/
nmm [1]. Pure FeS crystallizes in two forms: the stable hexagonal phase
(h-FeS) with a NiAs-type structure, and the metastable tetragonal phase
(t-FeS) with an anti-PbO-type structure [2]. Recently, single crystals of
the metastable t-FeS were grown using a hydrothermal method and
found to be superconducting below 5K [3,4]. The search for super-
conductivity in tetragonal iron sulfide with Mackinawite structure was
motivated by the closely related tetragonal iron selenide (t-FeSe) which
is also metastable and superconducting [5]. Whereas the stable hex-
agonal phase is not superconducting in both FeS and FeSe, the me-
tastable tetragonal phase is superconducting.

The crystal structures of both t-FeS and t-FeSe are constructed from
layers of edge-sharing iron-chalcogenide tetrahedra separated by a van
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der Waals gap of 2.6 and 2.4 A respectively. Van der Waals materials
provide an opportunity for intercalation experiments [6]. For example,
the intercalation of t-FeSe with alkali metals (K [7], Rb [8], Cs [9]),
alkali hydroxide (LiOH) [10,11], and alkali ethylenediamine
(Ax(C2HgN3),) [12] drastically increases the T, from 8 to 30 K. In con-
trast, an intercalant-independent T, is observed in black phosphorous
and MoS, [13-15]. Despite the structural and chemical similarities
between t-FeS and t-FeSe, we report an intercalant-independent T, in t-
FeS. This contrasts with a prior work that reported an increase of T, due
to intercalation and a significant variation of superconducting and
magnetic properties between different samples of [Li; _,Fe,OH]FeS
[16]. Here, we demonstrate that the random variations of T, in
[Li; - ,Fe,OH]FeS can be quantitatively explained by different disorder
levels. This analysis places an upper bound to the T, of [Li;_,Fe,OH]
FeS that does not exceed the T, of t-FeS. We demonstrate that hydro-
thermal conditions determine the disorder level which in turn affects
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the superconducting and magnetic properties of [Li; _,Fe,OH]FeS. Fi-
nally, we use band structure calculations to show that intercalation
with LiOH does not dope the t-FeS system which explains the inter-
calant-independent T..

2. Experimental methods
2.1. Crystal growth

[Li; - Fe,OH]FeS single crystals were prepared through a cation-
exchange reaction between LiOH(aq) and K gFe,;S5(s) under hydro-
thermal conditions [16]. The process consisted of three steps: solid state
synthesis of h-FeS, flux growth of K, gFe,S,, and hydrothermal growth
of [Li; —,Fe,OH]FeS. To synthesize h-FeS, iron powder (Fe, Alfa Aesar,
99.9%) and sulfur pieces (S, Strem Chemicals, 99.999%) with a
1:1 mole ratio and 1.0 g total mass were mixed and placed in a quartz
tube inside an argon-filled glovebox (O, and H,O contents < 0.1 ppm).
The tube was then flame sealed under vacuum. The reactants were
heated to 500 °C at 1 °C/min, held at 500 °C for 8 h, heated to 850 °C at
1 °C/min, held at 850 °C for 18 h, then cooled to room temperature at 5
°C/min. To grow K, gFe,S, crystals, potassium chunks (K, Alfa Aesar,
98%) and h-FeS powder with a 1:2 mole ratio and 1.2 g total mass were
combined and placed in a quartz tube inside the glovebox. The tube was
then flame sealed under vacuum inside a larger tube to protect against
potassium-induced corrosion of quartz. The reactants were heated to
1030 °C at 1.7 °C/min, held at 1030 °C for 3 h, slowly cooled to 650 °C
at 0.1 °C/min, and furnace cooled to room temperature. For the Hy-
drothermal growth of [Li;_,Fe,OH]FeS crystals, several KggFe,Ss
crystals with 0.3 g total mass were combined with 72 mmol lithium
hydroxide monohydrate (LiOH-H,O, Alfa Aesar, 98%), 3 mmol iron
powder (Fe, Alfa Aesar, 99.9%), 3mmol lithium sulfide (Li,S, Alfa
Aesar, 99.9%) or thiourea (SC(NH,),, Sigma Aldrich, 99%) as the sulfur
source, and 1 mmol tin granules (Sn, Alfa Aesar, 99.9%). The feedstock
was loaded into a 10 ml Teflon-lined Parr autoclave filled with de-io-
nized water at 90% filling fraction inside a nitrogen-filled glovebox (O,
and H,O contents < 0.1 ppt). In the hot and concentrated basic

environment of the autoclave, the tin granules form [Sn(OH)g]?>™ while
evolving H, gas [17]. This provides a stronger reducing environment
that promotes the intercalation of Ky gFe,S, with LiOH [18]. Four at-
tempts were made with the autoclave heated to 110, 120, 150, and 180
°C and held at constant temperature for 3 days. After each attempt, the
final products were washed with de-ionized water, filtered, and dried
under vacuum.

2.2. Measurements

Powder X-ray Diffraction (PXRD) data were collected in a Bruker D8
ECO instrument in the Bragg-Brentano geometry with a copper X-ray
source (Cu-Ka), a nickel filter to absorb the Kf radiation, and two 2.5°
Soller slits after the source and before the LYNXEYE XE 1D energy
dispersive detector. Rietveld refinement on the PXRD pattern was
performed using the FullProf suite [19]. Peak shapes were modeled
with the Thompson-Cox-Hastings pseudo-Voigt profile convoluted with
axial divergence asymmetry. Energy Dispersive X-ray Spectroscopy
(EDX) was performed with an EDAX detector installed on a JEOL field
emission electron microscope (FESEM). DC Magnetization was mea-
sured as a function of field and temperature in a 7 T Quantum Design
MPMS3 system. A low background sapphire holder inside a plastic
straw was used to mount the crystals with field parallel to the c—axis.
Four probe resistivity measurements and heat capacity measurements
were performed in a 9 T Quantum Design Dynacool system.

3. Results and discussion
3.1. Material characterizations

A previous report on [Li; —,Fe,OH]FeS with the nominal x = 0.17
showed unexplained variations in the superconducting transition T, the
magnetic transition Ty, and the residual resistivity po of different
samples [16]. To understand these variations, we attempted four hy-
drothermal growth cycles at T = 110, 120, 150, and 180 °C, with the
resulting samples labeled S-110, S-120, S-150, and S-180. T, varied
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Table 1

Crystallographic data for [Li; —Fe,OH]FeS obtained at room temperature using
Cu-Ka radiation with A = 1.5406 A. Unit cell parameters and Rietveld calcu-
lation factors are reported. The isotropic Debye-Waller (thermal) factor B;, is
less than one for Fe and S.

Unit cell parameters Refinement parameters

Space Group P4/nmm Biso (A% <10
aA) 3.70087 (8) Ry (%) 11.14
cA) 8.88824 (6) Rup (%) 22.2
V (A% 121.737 (8) Rexp (%) 16.99
Z 2 xr 1.7

from batch to batch and even within the same batch, similar to the
previous report [16]. However, we found that increasing the synthesis
temperature systematically reduced such sample variations within the
same batch and improved T..

Fig. 1(a) shows the PXRD pattern of S-180 indexed in the space
group 129 (P4/nmm), the same space group as t-FeS or t-FeSe. The
crystal size and the PXRD do not show visible differences in the crys-
tallinity of samples grown at different temperatures. As shown in the
inset of Fig. 1(b), the crystals are large, layered, and easy to cleave. The
tetragonal unit cell of [Li; _,Fe,OH]FeS is illustrated in the inset of
Fig. 1(b) with layers of edge-sharing FeS, tetrahedra separated by
[Li; - ,Fe,OH] molecules. Unit cell parameters and refinement R-factors
are presented in Table 1. Wykoff positions are listed in Table 2. The
ratio Fe/S = 1.17 from PXRD refinement is consistent with Fe/S = 1.31
(8) from EDX as shown in Fig. 1(b). Due to the presence of the light
elements lithium and oxygen, the EDX analysis is expected to differ
slightly from the refinement model. The statistical error is derived from
measuring EDX on several samples. We performed EDX measurements
on representative samples grown at different temperatures and realized
that the Fe/S ratio increases from 1.31 (8) to 1.52 (6) and 1.72 (8) in
samples grown at 180 °C (S-180), 150 °C (S-150), and 110 °C (S-110)
respectively. This shows qualitatively that the iron content (x) in
[Li; —Fe,OH]FeS increases with decreasing growth temperature so
there will be more iron atoms substituting for lithium in the intercalant
[Li; — ,Fe,OH]. These iron impurities act as scattering centers for elec-
trons in the normal state and for cooper pairs in the superconducting
state.

3.2. Superconducting properties

The scattering effect of iron impurities on electrons and cooper pairs
is studied by measuring the electrical transport. Fig. 2(a) shows the
temperature dependence of resistivity in three representative samples:
$-110, S-150, and S-180 grown at 110, 150, and 180 °C. Due to the
layered structure of the material, it is difficult to accurately determine
the sample dimensions, especially the thickness, which are required to
convert electrical resistance to resistivity. Therefore, the resistivity of
all samples is normalized to the average value of 4 mQcm at room
temperature. Solid lines on each data set in Fig. 2(a) are fits to the
expression p = AT?+ BT+ p,. The residual resistivity (po) systematically
decreases with increasing the growth temperature indicating less iron

Table 2
Wykoff sites, atomic coordinates, and site occupancies reported for the crystal
structure of [Li, _,Fe,OH]FeS.

atom site x y z occupancy
H1 2c 1/4 1/4 0.66000 1.0

01 2c 1/4 1/4 0.5700 (5) 1.0

Lil 2b 3/4 3/4 1/2 0.833 (3)
Fel 2b 3/4 1/4 1/2 0.16 (7)
Fe2 2a 3/4 1/4 0 1.0

S2 2c 1/4 1/4 0.1484 (5) 1.0
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impurity in S-180 compared to S-150 and S-110. Higher temperatures
in the autoclave increase the solubility of the feedstock and promote the
intercalation with LiOH and less iron impurity.

The pair-braking effect of iron impurities is observed in Fig. 2(b)
that magnifies the region of superconducting transition and shows that
samples with smaller py have higher T,. Since p, is determined by the
scattering rate T, Fig. 2(b) suggests a link between I' and T.. This link
will be quantitatively analyzed later.

Fig. 2(c) shows that the superconducting transition shifts to lower
temperatures with increasing magnetic field in sample S-180. Similar
behavior is observed in other samples. By taking the midpoint of the
transition as T, at each field, an H-T phase diagram is produced in
Fig. 2(d) with a fit to the Werthamer-Helfand-Hohenberg expression:

2
HcZ(T) = ch(O)I:I - L(Z) :|

2a\ T, 1

where a is a constant between 0.69 (dirty limit) and 0.72 (clean limit)
[20]. From this fit, the zero temperature upper critical field H.,(0) is
approximately 400 Oe. H.»(0) is two orders of magnitude less than the
Pauli limit for [Li;_,Fe,OH]FeS according to the estimation
Hp = 1.85T, =4.6 T. Therefore, the pairing wave function must be spin-
singlet — that is either s-wave or d-wave [21]. These two possibilities
can be distinguished by studying the relation between the scattering
rate (I') and T..

3.3. Abrikosov-Gorkov analysis

To quantify the link between I' and T,, we characterized 9 samples
from batches grown at different temperatures. For each sample, T, was
determined from the midpoint of the resistive transition and the scat-
tering rate was determined from the relaxation time (I' = 1/27). The
relaxation time for each sample was calculated using the single band
Drude model, po = m/ne’*z, where the carrier concentration was ob-
tained from the Hall coefficient (Ry = 1/ne). Fig. 3(a) shows a weak
temperature dependence in the Hall coefficient with Ry = 0.06 cm®/C
at T =0 corresponding to hole-like carriers with a concentration
n=1.04 x 10%°cm~3. From here, the Fermi wave vector can be cal-
culated using the expression kp = (372n)'/3, which gives
kp=1.46 x 10”7 cm ™}, assuming a spherical Fermi surface. Fig. 3(b)
shows the molar heat capacity for the same sample which can be used
to extract the effective mass of carriers. According to the Sommerfeld-
Debye model, heat capacity is given by the expression C/T = v+ T2,
where y = ’T;N Z—é and 8 = #rNkBG)B3 [23]. Here Eg is the Fermi en-
ergy, N is the Avogadro number, r is the number of atoms per molecule,
and Op is the Debye temperature. Using kr from the Hall effect, we
calculate y = 0.044 J/mol K? which is smaller than the experimental
value reported on Fig. 3(b). The ratio between the observed and the
calculated y gives the effective mass of carriers m" = yexp/
Yeal = 0.34me.

Using the effective mass from heat capacity and the carrier con-
centration from the Hall effect, we can calculate the scattering rate from
the expression I' = epo/2 m*Ry; for each sample with a specific py. The
Abrikosov-Gorkov (A-G) formula [24-26] describes the variation of T,

with T
I(L) ) ~v(})

Tc 2 (2)
where T, is the superconducting transition for ideally pure material
and W is the digamma function. Fig. 3(c) shows that samples grown at
higher temperatures have lower I' and higher T.. This is consistent with
a smaller x in [Li; —,Fe,OH]FeS samples grown at higher temperatures
as explained in Section 3.1. The excessive iron in the intercalant
[Li; - ,Fe,OH] is the source of scattering in [Li; —,Fe,OH]FeS.

The maximum possible T, in [Li; ,Fe,OH]FeS from this analysis is
T.o = 2.9K. Our highest quality samples with T, = 2.6 K are grown

1 Al
—+
2 2k,
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Fig. 2. (a) Resistivity of three [Li;_,Fe,OH]FeS samples
grown at 110, 150, and 180 °C. These samples are labeled S-
110 (black data), S-150 (blue), and S-180 (red). Solid lines
are fits to the expression p = AT?+BT+po. S-180, the
sample grown at 180 °C, has the lowest residual resistivity po
whereas S-110 has the highest po. (b) Resistivity plotted as a
function of temperature below 4K, showing that samples
with lower residual resistivity have higher T.. (c) p(T) from
sample S-180 measured at several different magnetic fields.
T. decreases with increasing field. We define T, as the mid-
point of the transition and use the width of the transition as
the uncertainty in T,. (d) T, values at different H are used to
draw the H-T.phase diagram of sample S-180 with
H,, = 386.6 Oe.

such as d or s * states [24-26]. In these cases, T. will be completely
suppressed at I'~T'. = 2nkgT.o/h [27,28]. For example, KFe,As, with
T.o = 3.9K has a sign-changing (possibly d-wave) superconducting
order parameter [22]. As a result, superconductivity completely van-
ishes at I'/I'.~1 in KFeyAs,. Fig. 3(c) shows a slower rate of T, sup-
pression in [Li; _,Fe,OH]FeS compared to KFe,As,. Therefore, the
pairing symmetry in [Li,_,Fe,OH]FeS is most likely a conventional

Fig. 3. (a) Hall effect as a function of temperature from 2 to
150K in a [Li; — ,Fe,OH]FeS sample grown at 180 °C labeled
as S-180. The data are taken at positive and negative 9 T and
antisymmetrized to calculate Ry. (b) Heat capacity plotted
as C/T versus T2 from 2 to 25K in the sample S-180. The
peak in C/T corresponds to the magnetic transition at 8 K.
From the linear fit C/T = B+vyT? we derive the effective
mass and the Debye temperature as explained in the text. (c)
The Abrikosov-Gorkov analysis is performed for
[Li; — xFe,OH]JFeS by plotting normalized T, as a function of
normalized scattering rate for nine samples. Hydrothermal
growth temperature for each sample is specified in the le-
gend. These data follow the AG expression (Eq. (2)) traced
with a solid black line. The same analysis is done for KFe,As,
where the data are taken from Ref. [22] and the A-G ex-
pression is traced with a dashed line. T, suppression occurs
at I ~T. in KFe,As, compared to I>T in [Li; —,Fe, OH]FeS.
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Fig. 4. (a) Molar susceptibility in the [Li;_.Fe, OH]FeS
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isotropic s-wave instead of s © or d-wave.
3.4. Magnetic properties

Fig. 4(a) compares the temperature dependence of the magnetic
susceptibility y(T) in two [Li; ,Fe,OH]FeS samples grown at 180 and
110 °C. A sharp transition is observed at Ty = 8 K in the clean sample S-
180, whereas a broad transition is observed between 8 and 22K in the
disordered sample S-110. In the clean sample S-180, x(T) shows a weak
temperature dependence (Pauli behavior) at T > Ty characteristic of

itinerant moments. In the disordered sample S-110, x(T) shows a
stronger temperature dependence (Curie-Weiss behavior) characteristic
of localized moments. The change of behavior from itinerant mag-
netism and sharp transition in the clean sample to localized magnetism
and broad transition in the disordered sample confirms the impact of
the scattering rate I' on the magnetic behavior of [Li;_,Fe,OH]FeS.
Fig. 4(c) shows the data in S-110 fitted to the Curie-Weiss (CW) ex-
pression, x —xo = C/(T—Ocw), where Y, is a background and Ocyy is
the CW temperature. The effective moment from the CW fit (u = 3up) is
close to the value expected from Fe?* in the tetrahedral coordination
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(2.8up). Fig. 4(d) compares the superconducting transition between S-
110 and S-180. The estimated superconducting volume fraction is 80%
in S-180 and 10% in S-110.

3.5. Density of states

As mentioned in the introduction, intercalation of t-FeSe with LiOH
increases T. from 8 to 30K [10]. However, the intercalation of t-FeS
with LiOH does not increase the T.. In fact, T. decreases with inter-
calation due to the impurity scattering from extra iron atoms in the
intercalant [Li; —,Fe,OH]. We performed DFT calculations on both t-
FeS and [Li,_,Fe,OH]FeS to explain the intercalant-independent T,.
Fig. 5(a) shows two peaks in the total density of state (DOS) corre-
sponding to Van Hove singularities below and above the Fermi energy
in t-FeS. Fig. 5(b) shows that neither of these peaks crosses Er in the
intercalated system [Li, ,Fe,OH]FeS, i.e. intercalation with LiOH does
not dope the t-FeS system. Fig. 5(c) and (d) show the same comparison
between t-FeS and [Li; —,Fe,OH]FeS based on the density of iron d-
states instead of total DOS. If the intercalation had a doping effect, one
of the peaks would have crossed Er as a result of intercalation, and the
accumulation of states at Er would have considerably increased T..
Therefore, the intercalant-independent T, in [Li;  Fe,OH]FeS is due to
a lack of doping effect.

4. Conclusions

We investigated the effect of hydrothermal growth conditions on the
superconducting and magnetic properties of [Li; _,Fe,OH]FeS.
Hydrothermal growth at higher temperatures systematically produced
samples with less iron impurity, smaller scattering rates, and conse-
quently, smaller residual resistivity (Fig. 2). The Abrikosov-Gorkov
analysis (Eq. (2)) confirmed impurity scattering as the intrinsic para-
meter that controls T,. From this analysis, the superconducting wave
function appears to have a conventional s-wave symmetry. By in-
creasing the scattering rate, the magnetic behavior of [Li; _ ,Fe, OH]FeS
drastically changed from sharp magnetic transitions and itinerant mo-
ments in clean samples to broad transitions and localized moments in
disordered samples. Therefore, the unexplained sample dependent
properties [16] of [Li; _ Fe,OH]FeS were explained in a unified picture
where disorder controls the T, the superconducting volume fraction,
and the magnetic behavior of the material. The optimal conditions to
grow single crystals of [Li; —,Fe,OH]FeS were at T = 180 °C and with
thiourea as the sulfur source.
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