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We synthesize a series of Mn substituted (Li, Fe)OHFeSe superconductor single crystals via a modified ion-exchange
method, with the Mn concentration z (the atomic ratio of Mn:Se) ranging from 0 to 0.07. The distribution homogeneity
of the Mn element incorporated into the lattice of (Li, Fe)OHFeSe is checked by combined measurements of high-angle-
annular-dark-field (HAADF) imaging and electron energy-loss spectroscopy (EELS). Interestingly, we find that the super-
conducting transition temperature 7. and unit cell parameter ¢ of the Mn-doped (Li, Fe)OHFeSe samples display similar
V-shaped evolutions with the increasing dopant concentration z. We propose that, with increasing doping level, the Mn
dopant first occupies the tetrahedral sites in the (Li, Fe)OH layers before starting to substitute the Fe element in the su-
perconducting FeSe layers, which accounts for the V-shaped change in cell parameter c. The observed positive correlation
between the 7; and lattice parameter c, regardless of the Mn doping level z, indicates that a larger interlayer separation, or a
weaker interlayer coupling, is essential for the high-7; superconductivity in (Li, Fe)OHFeSe. This agrees with our previous
observations on powder, single crystal, and film samples of (Li, Fe)OHFeSe superconductors.

Keywords: FeSe-based superconductors, Mn doping effect, correlation between superconductivity and inter-

layer separation
PACS: 74.70.Xa, 82.30.Hk, 74.25.—q

1. Introduction

The recently discovered iron selenide (Li, Fe)OHFeSe
(FeSe-11111) superconductor!!! has the layered structure
formed by a stacking of one superconducting (SC) FeSe layer
alternating with one (Li, Fe)OH layer along the c axis. In con-
trast to the prototypal bulk FeSe (7. ~ 9 K) and intercalated
FeSe-122 superconductors like KyFe;_,Se; (7. ~ 30 K), the
(Li, Fe)OHFeSe intercalate is free from the complications of
chemical phase separation and structural transition. Moreover,
it shows a high T, over 40 K (SC phase I), even above 50 K (SC
phase II) under a 12.5 GPa pressure,[?! and a Fermi topology
similar to the high-T. (> 65 K) monolayer film of FeSe.[>#
Therefore, the (Li, Fe)OHFeSe system turns out to be an
ideal platform for studying the intrinsic electronic property
and high-T; superconductivity in the iron-based family. Most
recently, we uncovered the occurrence of intrinsic electronic
phase separation in (Li, Fe)OHFeSe,®! similar to that in high-
T cuprate and iron arsenide superconductors, and established
a complete electronic phase diagram for (Li, Fe)OHFeSe. In
an earlier work,[®! we successfully synthesized Mn substituted

DOI: 10.1088/1674-1056/27/7/077405

(Li, Fe)OHFeSe single crystals, with the doping level z (the
atomic ratio of Mn:Se) ~ 0.08 and 0.16. We found that, at this
doping range, the superconducting transition temperature re-
mains almost unchanged, with a 7; (~ 40 K) close to the opti-
mal one for the SC phase I. However, how the Mn substitution
at lower concentrations would affect the superconductivity of
(Li, Fe)OHFeSe is unclear so far.

In this work, we synthesize a series of lightly Mn-
substituted (Li, Fe)OHFeSe single crystals via a modified ion-
exchange method, with the doping level z ranging from O to
0.07. The homogeneity of Mn distribution in the lattice of
(Li, Fe)OHFeSe is checked by combined experiments of high-
angle-annular-dark-field (HAADF) atomic lattice imaging and
electron energy-loss spectroscopy (EELS). Interestingly, we
find that the SC transition temperature 7; and unit cell param-
eter ¢ of the Mn-doped (Li, Fe)OHFeSe samples show paral-
lel V-shaped evolutions with the increasing dopant concentra-
tion z. It appears that, with increasing doping level, the Mn
dopant first occupies the tetrahedral sites in the (Li, Fe)OH
layers before starting to substitute the Fe element in the FeSe
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layers, leading to the observed V-shaped change in the cell
parameter c. A common positive correlation between the SC
transition temperature 7; and lattice parameter c is also ob-
served among the present Mn-doped (Li, Fe)OHFeSe samples,
regardless of the Mn substitution concentration z. Such a pos-
itive correlation has been reported previously for powder,!”!
single crystal,>8! and thin film®>!%! samples of Mn-free (Li,
Fe)OHFeSe. Therefore, our results indicate that a larger in-
terlayer separation, or a weaker interlayer coupling, is es-
sential for the high-T;. superconductivity in (Li, Fe)OHFeSe.
Actually, our previous study!®! has shown that high-7, (Li,
Fe)OHFeSe exhibits a strong electronic two-dimensionality.

2. Experimental details

The x-ray diffraction (XRD) measurements were per-
formed at room temperature on an 18 kW MXP18 A-HF
diffractometer with Cu-K, radiation, using a 26 range from
5° to 80° and a 20 scanning step of 0.01° (single crystal) or
0.02° (powder). The average chemical stoichiometry of Fe,
Se, and Mn for the single crystal samples was determined
by inductively coupled plasma atomic emission spectrometry
(ICP-AES). The in-plane electrical resistivity was measured
on a Quantum Design PPMS-9. The dc magnetic measure-
ments were carried out on a SQUID magnetometer (Quantum
Design MPMS XL-1). The EELS technique combined with a
transmission electron microscope (TEM) was used for prob-
ing the local composition and spectroscopic information of
the specimens. A JEM ARM200F 80-200 TEM (JEOL, Inc.)
operated at 200 kV was used for EELS and atom-column-
resolved scanning transmission electron microscopy (STEM)
HAADF imaging. The microscope is equipped with both
probe and image aberration correctors (CEOS GmbH). The
electron energy-loss (EEL) spectra were acquired in STEM
mode using a ~ 1 nm electron probe with an energy resolu-
tion of ~ 0.6 eV or better, as evaluated from the full-width
at half-maximum of the zero-loss peak. The 1 nm probe size
in STEM mode was intentionally broadened to minimize the
electron beam damage on the sample, with parameters for
high EELS signal and energy resolution rather than maximum
spatial resolution. The spectra were recorded using a disper-
sion of 0.3 eV/channel and acquisition time of 0.5 s for each
spectrum image to minimize electron irradiation damage. The
convergence and collection semi-angles were estimated to be
20 mrad and 26.5 mrad, respectively.

The Mn-doped and Mn-free (Li, Fe)OHFeSe single crys-
tals were synthesized via a modified ion-exchange method that
we developed and first reported elsewhere.!®8! The raw ma-
terials were 0.003 mol selenourea (Alfa Aesar, 99% purity),
4 g LiOH-H;0 (Alfa Aesar, 98% purity), 0.00375 mol mix-
ture of Fe (Alfa Aesar, 99.998% purity) and Mn (Alfa Ae-
sar, 99.95% purity) powders. All the starting materials were
mixed with 5 mL de-ionized water and a piece of KyFesSes

single crystal, before being loaded into an autoclave. The au-
toclave was heated at 120 °C for 72 h and cooled to 50 °C at
a rate of 0.5 °C/h. The as-grown Mn-doped and Mn-free (Li,
Fe)OHFeSe single crystals were washed by de-ionized water
for several times.

3. Results and discussion

Figure 1 displays the XRD patterns for all the Mn-doped
and Mn-free (Li, Fe)OHFeSe single crystal samples. Six Mn-
doped samples denoted by Me, M1, M2, M4, M6, M7 have
the Mn concentrations of z ~ €, 0.01, 0.02, 0.04, 0.06, and
0.07, respectively. Here € means a slight quantity of the doped
Mn that is undetectable by ICP-AES. Two Mn-free samples
are named as S41 and S40, with the numbers standing for the
T. values. All the Mn-free and Mn-doped (Li, Fe)OHFeSe
samples exhibit a single preferred crystal orientation of (001)
(Fig. 1(a)). The powder XRD patterns of the single crystal
samples are given in Fig. 1(b). All the reflections in each pow-
der XRD pattern can be well indexed on the known tetragonal
structure (space group P4/nmm) for (Li, Fe)OHFeSe. No im-
purity phases can be detected by the powder XRD. The calcu-
lated lattice parameters a and c are listed in Table 1.
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Fig. 1. (color online) (a) XRD spectra for single crystal flakes of the

Mn-free and Mn-doped (Li, Fe)OHFeSe, all showing a single preferred

crystal orientation of (001). (b) Powder XRD patterns for the single

crystal samples.

Table 1. The superconducting transition temperature, unit cell pa-
rameters, and chemical composition for Mn-free and Mn-doped (Li,
Fe)OHFeSe samples.

Sample  T./K alA c/A Fe:Se  z (Mn:Se)

S40 40.4  3.78264(7)  9.2918(2) 1.20

Me 38.6 3.7825(3) 9.2915(7) 1.19 e*
Ml 37.1 3.7835(2) 9.2884(4) 1.14 0.01
M2 36.5 3.7836(2) 9.2696(2) 1.22 0.02
M4 37.8 3.7836(2) 9.2797(3) 1.20 0.04
M6 39.0 3.7869(3) 9.2901(5) 1.18 0.06
M7 40.9 3.7801(2) 9.2961(3) 1.14 0.07

*Here € means a slight quantity of the doped Mn that is undetectable by ICP-
AES.

The homogeneity of Mn distribution in the structure of
(Li, Fe)OHFeSe is checked by HAADF atomic lattice imag-
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ing. In the HAADF imaging, the recorded contrast arises pri-
marily from Rutherford and thermal diffuse scattering. Under
our experimental conditions, the HAADF intensity scales to a
good approximation with the atomic number Z'-7 and the spec-
imen thickness, as the selected area of interest is sufficiently
thin. Figure 2(a) shows an atomically resolved HAADF image
of the edge of a typical Mn-doped (Li, Fe)OHFeSe thin flake
that is oriented along the [001] crystallographic zone-axis rel-
ative to the incident electron beam. Along the [001] zone-
axis, a typical square lattice (projected a—b plane in Fig. 2(a))
is recognized with the bright spots corresponding to the Se/O
columns, as indicated in the schematics of the unit cell model.
It is noteworthy that due to their relative small atomic numbers
compared with the Se element, the Fe columns in the FeSe
layers or in the (Li, Fe)OH layers are very weakly visible, as
denoted by a white arrow. For the same reasoning, no dis-
cernible contrasts can be associated with the Mn dopant, as
the Mn substitution is very low in the present samples. Never-
theless, these atomic images measured from tens of flakes do
not show any lattice anomalies that could result from Mn (or
Mn oxides) impurity phases or precipitates.
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Fig. 2. (color online) HAADF imaging and EELS for typical Mn-
doped (Li, Fe)OHFeSe samples. (a) HAADF image of a sample thin
flake recorded along [001] crystallographic zone-axis with schematic
atomic models. (b) Typical background-subtracted EEL spectrum ob-
tained from an area of 5 nmx5 nm in an EELS-STEM mode, display-
ing the characteristic L3 >-edges for Mn and Fe. The inset shows a low
magnification HAADF image of the specimen area for EELS-STEM
measurements.

The EEL spectra were simultaneously recorded with rel-
ative low-magnification HAADF images in the STEM mode.
The characteristic energy of core loss edges in EELS, resulting
from inner-shell ionization, provides direct spectroscopic in-
formation about the samples. The usefulness of STEM-EELS
techniques has been demonstrated in the previous work on iron
arsenide superconductors. In the present study, we combine
STEM and EELS to probe the local chemical information of
the Mn/Fe sites, especially the substitution homogeneity. Fig-
ure 2(b) shows a typical background-subtracted EEL spectrum
recorded from an area of about 5 nmx5 nm, the selected area
scanned across by a ~ 1-nm-sized electron beam, from which
the presence of L3> edges for Mn and Fe is clearly observed.
The inset in Fig. 2(b) shows a low-magnification HAADF im-
age of the specimen area used for STEM-EELS measurement.
Such measurements were carried out for tens of different re-
gions to check the homogeneity of Mn substitution. The resul-
tant EEL spectra are similar to that in Fig. 2(b), within experi-
mental errors, but with slight variations in the peak magnitudes
in the Mn L-edges. However, due to the small Mn concentra-
tion and the general difficulties of compositional quantification
by EELS, this study cannot yield the exact value of the Mn/Fe
atomic ratio.
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Fig. 3. (color online) (a) and (b) The temperature dependence of
the static magnetic susceptibility for the Mn-free and Mn-doped (Li,
Fe)OHFeSe samples. A magnetic field of 1 Oe is applied along the c-
axis. The magnetic susceptibilities are corrected for demagnetization
factor. (c) The temperature dependence of reduced in-plane electrical
resistivity near the superconducting transition. All the samples show
the zero resistivity.

Both the HAADF atomic lattice imaging and STEM—
EELS measurements of the Mn-doped (Li, Fe)OHFeSe sam-
ples indicate that the employed ion-exchange hydrothermal
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syntheses have successfully incorporated the Mn element into
the (Li, Fe)OHFeSe lattice. However, quantification of the
doped Mn and locally pinpointing the lattice sites at which the
Mn dopant locates (in the FeSe or (Li, Fe)OH layers) remain
unsolved in the present experiments, in part due to the diffi-
culties in obtaining thin specimens oriented along the [100]-
type zone-axis. Future studies may address the exact nature
of Mn substitution and provide microstructural and compo-
sitional correlations with the superconductivity in Mn-doped
(Li, Fe)OHFeSe.

The superconductivity of the single crystal samples is
characterized by magnetic susceptibility (Figs. 3(a) and 3(b))
and confirmed by in-plane electrical resistivity (Fig. 3(c)) mea-
surements. The superconducting transition temperature 7;. is
determined by the onset temperature of the diamagnetic tran-
sition, and listed in Table 1. All the samples exhibit a sharp
superconducting transition and 100% superconducting shield-
ing.

In Fig. 4(a), we plot the 7; and lattice parameter c versus
the Mn doping level z by using the data in Table 1. Interest-
ingly, we find that the curves of T; and c display parallel V-
shaped dependences on the substitution concentration z. The
lattice parameter c first decreases then increases with the Mn
concentration z, showing the minimum at z ~ 0.02. There are
two distinct tetrahedral sites in the (Li, Fe)OH and FeSe layers,
respectively, that may accommodate the Mn dopant. However,
the estimated size of the tetrahedral Li/Fe sites (~ 0.77 A) in
the (Li, Fe)OH layers is bigger than that of the tetrahedral Fe
sites (close to ~ 0.56 A) in the FeSe layers, based on the cor-
responding Li/Fe-O (~ 2.01 A) and Fe-Se (~ 2.40 A) bond
lengths!!:8-11=131 a5 well as the ionic radii!'*! for 0>~ (1.24 A)
and Se’~ (close to 1.84 A). The Mn dopant may exhibit an
ionic radius intermediate between the sizes of the two distinct
tetrahedral sites with the respective ligands of O?>~ and Se?~.
We speculate that, at slight doping levels of z <~ 0.02, the
Mn element is incorporated basically into the (Li, Fe)OH lay-
ers and it starts to substitute the Fe element in the FeSe layers
when the Mn concentration z is further increased up to ~ 0.07.
This can account for the observed V-shaped evolution of the
cell parameter ¢ with the doping level z, considering the small
variation in the cell parameter a. Our results indicate that the
Mn substitution alters mainly the interlayer separation of (Li,
Fe)OHFeSe, which acts as a control parameter for the super-
conducting transition temperature 7. As shown in Fig. 4(b),
the commonly seen positive correlation between the 7; and
lattice parameter ¢ also occurs among the present Mn-doped
(Li, Fe)OHFeSe samples, regardless of the Mn doping level
z. Such a positive correlation has been observed previously in
our powder,!”! single crystal,>8! and thin film® %1 samples of
Mn-free (Li, Fe)OHFeSe superconductors.
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Fig. 4. (color online) (a) Lattice parameter ¢ and superconducting tran-
sition temperature 7 as functions of Mn doping level z. The dashed
curves are as a guide to the eye. (b) The positive correlation between
the SC transition temperature 7; and lattice parameter ¢ among the Mn-
doped and Mn-free (Li, Fe)OHFeSe samples, regardless of the Mn dop-
ing level z.

4. Conclusion

The modified hydrothermal ion-exchange method mani-
fests itself as an effective technique to dope the Mn element
into the layered structure of (Li, Fe)OHFeSe superconduc-
tors. The Mn dopant may be accommodated in the tetrahe-
dral sites in the (Li, Fe)OH and FeSe layers depending on the
doping level, reducing or enhancing the interlayer separation
of (Li, Fe)OHFeSe. A common positive correlation between
the superconducting transition temperature 7, and lattice pa-
rameter c is also observed among the present Mn-doped (Li,
Fe)OHFeSe samples, regardless of the Mn doping level. It is
indicated that a larger interlayer separation, or a weaker inter-
layer coupling, is essential for the high-7. superconductivity
in (Li, Fe)OHFeSe. This is in agreement with the strong elec-
tronic two-dimensionality reported previously for the high-T7;
(Li, Fe)OHFeSe superconductor. [8]
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