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Large superconducting FeSe crystals of (001) orientation have been prepared via a hydrothermal ion re-
lease/introduction route for the first time. The hydrothermally derived FeSe crystals are up to 10 mmx5 mmx0.3 mm
in dimension. The pure tetragonal FeSe phase has been confirmed by x-ray diffraction (XRD) and the composition de-
termined by both inductively coupled plasma atomic emission spectroscopy (ICP-AES) and energy dispersive x-ray spec-
troscopy (EDX). The superconducting transition of the FeSe samples has been characterized by magnetic and transport
measurements. The zero-temperature upper critical field H; is calculated to be 13.2-16.7 T from a two-band model. The
normal-state cooperative paramagnetism is found to be predominated by strong spin frustrations below the characteris-
tic temperature Ty, where the Ising spin nematicity has been discerned in the FeSe superconductor crystals as reported

elsewhere.
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The tetragonal FeSe superconductor, formed by a stack-
ing of edge-sharing FeSe4-tetrahedra layers, was reported to
show the bulk superconducting transition at T, ~ 8§ K.[l:%!
It is notable that its 7. can be enhanced to 36.7 K un-
der high pressure*! and to ~ 48 K by charge injection.”!
Other more complicated iron selenide superconductors such
as AyFe,_,Se, and (Li;_Fe,)OHFe;_,Se can be viewed as
derived from the binary FeSe by intercalating the alkali metal
ions A and the spacer layer (Li;_Fe,)OH in between the ad-
jacent FeSe4-tetrahedra layers, respectively. The FeSe layers
are common to all the iron selenides and serve as the basic
superconducting unit. Therefore, the simplest binary FeSe su-
perconductor is thought to be an important prototype for in-
vestigating the underlying physics of the superconductivity.

In FeSe, no antiferromagnetic long-range order exists un-
der ambient pressure, but the rotational symmetry breaking
in the electronic structure of the iron plane has drawn much

attention. [3-!! [12-14

I Recent neutron scattering results 1 sug-
gested that the electron pairing for the superconductivity is
closely related to the stripe-like (7, 0) antiferromagnetic spin
fluctuations and a sharp spin resonance was observed in the su-
perconducting state. However, the tetragonal-to-orthorhombic

structure transition at 7y ~ 90 K has no spin origin, but is
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driven, as commonly believed, by the orbital ordering with un-
equal occupancies of the iron 3d,,/3d,, orbitals. %1% Most re-
cently, this issue has been resolved by our angular-dependent
magnetoresistance (AMR) and magnetism measurements. We
have clearly observed the rotational symmetry breaking due
to the Ising spin nematicity below a characteristic temperature
Tn, and found a universal positive linear relationship between
T. and Ty, among various superconducting FeSe samples.!!”!
These important results were mainly obtained on large (001)-
orientating FeSe crystal samples prepared by the hydrothermal
ion release/introduction. In this paper, we report the crystal
growth and the property characterization of the FeSe samples.

Enough big FeSe crystal samples of (001) plane ori-
entation are required for well-defined in-plane (along the
iron plane) and out-of-plane (perpendicular to the iron plane)
AMR and magnetic measurements. These measurements have
turned out to be the key to uncovering the Ising spin-nematic
order in bulk FeSe.[!”] Although centimetric-large FeSe super-
conductor crystals were grown by a specially designed flux-
free floating-zone technique in our earlier work,[!®! the ob-

tained samples displayed the (101) orientation. The com-

19-23

monly used slow-cooling flux growth! I'and the very time-

consuming vapor transport process 42! produced FeSe crys-
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tals of millimetric sizes. In most cases, the cleaved sur-
faces of the as-grown crystals were also along the (101)
plane, though the (001) orientation was available in some
cases, e.g., the vapor transport growth. The high-efficient
synthesis of the (001)-orientating big FeSe crystals reported
here is inspired by our recent ion/cluster exchange growth of
large (Lig.g4Feg.16)OHFeg9gSe superconducting crystals. 2]
The structure of insulating Ko gFe; ¢Se, (the 245 phase with
V5 x v/5 ordered iron vacancies) consists of an alternative
stacking of the K monolayer and the Fe( gSe monolayer sim-
ilar to the target FeSe compound (Fig. 1(a)), so as to be an
ideal matrix for the hydrothermal reaction. Moreover, the
Ko sFe; ¢Se; crystals always show a well cleaved (001) plane.
After hydrothermal procedures, the interlayer K ions are com-
pletely released and the ordered vacant Fe sites ~ 20% in
amount in the Feg gSe layers are occupied by the introduced
Fe ions. The yielded end FeSe single crystal naturally inherits
the original (001) orientation of the matrix. The separation be-
tween the neighboring FeSe layers is shrunk by ~ 22% (from
~ 7.067 A for K gFe; ¢Se; to ~ 5.525 A for FeSe). Figure 1
illustrates this hydrothermal K release and Fe introduction pro-
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Fig. 1. (color online) (a) Illustration of the hydrothermal K/Fe re-

lease/introduction synthesis of the superconducting FeSe crystal from
the insulating Ko gFe; ¢Se, matrix. (b) and (c) XRD patterns of the
crystal samples of the matrix K gFe; ¢Se; and the hydrothermally de-
rived FeSe, respectively, all showing single preferred orientations of the
(001) planes. The insets are the photographs for the two crystals.

The growth of the KggFe;¢Se, matrix crystal has
been detailed in our recent report (supplemental material of
Ref. [27]). The hydrothermal reactions were performed in
stainless steel autoclaves of 25 ml capacity with Teflon lin-
ers. Large crystal of KggFe;¢Se,, Fe powder (Alfa Aesar,

99.998% purity) of 0.03 mol, and selenourea (Alfa Aesar,
99.97% purity) of 0.06 mol were used as the starting mate-
rials. The autoclave loaded with the reagents and 5 ml de-
ionized water was tightly sealed and heated at 120-150 °C
for several days depending on the sample conditions to ensure
the K-release and Fe-introduction. One difference from our
recent ion/cluster exchange growth is that no LiOHH;0 was
used as the reagent. The eventually obtained big FeSe crys-
tals, up to 10 mm x5 mmx 0.3 mm in dimension, were washed
by de-ionized water for several times. The synthesized FeSe
crystals are sensitive to atmosphere, so all the data reported
for FeSe were measured on the fresh samples. X-ray diffrac-
tion on powder and crystal samples of FeSe was carried out at
room temperature on a Rigaku Ultima IV (3 KW) diffractome-
ter using Cu K, radiation, with a 260 range of 10°-80° and a
scanning step of 0.02° (for the powder) or 0.01° (for the crys-
tal). X-ray rocking curve was measured on a double-crystal
diffractometer (Rigaku SmartLab, 9 KW) equipped with two
Ge (220) monochromators. The chemical composition was de-
termined by both inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and energy dispersive x-ray spec-
troscopy (EDX). The magnetic measurements were conducted
on a Quantum Design MPMS-XL1 system of a small remnant
field < 4 mOe. The electrical resistivity was measured on a
Quantum Design PPMS-9.
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Fig. 2. (color online) (a) Powder XRD pattern for the FeSe crys-

tal (T, ~ 7.6 K). All the diffraction peaks can be well indexed to
the previously reported tetragonal unit cell with a = 3.7725(1) A and
c=15.5247(2) A. A small quantity (9.28 mg) of the sample was used
for the XRD, so the signal-to-noise ratio is not high. (b) Double-crystal
XRD rocking curve of the (003) reflection for the FeSe crystal. The
surface dimension of the sample is 5 mmx 1 mm.

Figure 2(a) shows the powder XRD pattern for a typical
FeSe crystal sample. All the diffraction peaks can be well in-
dexed to a previously reported tetragonal structure with the
space group of P4/nmm, and no impurity phase is detected
within the experimental resolution. The lattice constants are
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calculated to be a = 3.7725(1) A and ¢ = 5.5247(2) A. Fig-
ure 2(b) shows the x-ray rocking curve of (003) Bragg reflec-
tion. The well symmetrical x-ray rocking curve shows a full-
width-at-half maximum (FWHM) of 5.1°, a little smaller than
that reported for the FeSe crystals grown by the flux/??! and
floating-zone!'®! techniques. The chemical composition deter-
mined by ICP-AES is Fe: Se= 0.99 : 1 for the typical crystal
(T ~ 7.6 K). No trace of K element in the FeSe sample is de-
tected by EDX, verifying a complete release of K ions during
the hydrothermal process. The bulk superconductivity for two
hydrothermal FeSe crystal samples (7. ~ 6.8 K and ~ 7.6 K)
has been evidenced by the sharp diamagnetic transitions and
the 100% diamagnetic shielding signals, as shown in Fig. 3.

LY9%

5 10 15 20

T/K

Fig. 3. (color online) Temperature dependence of the static magnetic
susceptibility, corrected with the demagnetization factor, near the su-
perconducting transitions for two hydrothermal FeSe crystal samples.
The magnetic measurements were performed under H = 1 Oe.

The temperature dependence of the normal state resistiv-
ity for the hydrothermal samples displays a common metal-
lic behavior in the whole measuring temperature range up
to 250 K. Figure 4 displays the in-plane electrical resistance
R.»(T) near the superconducting transition under the fields
H ||c-axis. The superconducting transition shifts to lower tem-
peratures with increasing magnetic field up to 9 T. The hollow
symbols in the inset of Fig. 4 represent the upper critical fields
Hy(T) from the 10%, 50%, and 90% resistance drops. The
solid lines in the inset are the fitting results by a two-band s-
wave model,[?! yielding the zero-temperature H. (T = 0) of
13.2 T, 14.9 T, and 16.7 T, respectively.

The neutron scattering results have shown a cooperative
paramagnetism in the normal state of FeSe superconductors.
The temperature dependence of the static magnetization for
the typical FeSe crystal (7. ~ 7.6 K) around ~ 55 K under
the in-plane and out-of-plane fields is shown in Fig. 5. Below
~ 55 K, the in-plane magnetization under H = 0.1 T exhibits
an evident behavior change, leading to the downward curva-
ture (Fig. 5(a)). The key point is that this clear downward
feature is strongly dependent on the field magnitude. It fades
out when the field is lowered to 0.01 T (Fig. 5(b)). The energy
difference between the two magnetic fields is tiny. The poten-
tial energy of a single spin in 1 T field is only ~ 0.06 meV

from the Bohr magneton (ug = eh/2m). Therefore, our ob-
servation indicates that the strong quantum spin frustrations
predominate in the iron plane. In fact, combined with the
two-fold anisotropy in AMR below Ty, ~ 55 K, the Ising
spin nematicity has been discerned on this sample.!'”! The-
oretically, such Ising spin-nematic order is argued to exist in
the strongly frustrated limit of the quantum frustrated spin-1
Heisenberg model. Moreover, the downward feature of the
magnetization is weakened when the magnetic field is perpen-
dicular to the iron plane (H||c, Fig. 5(c)). Such a behavior
signifies the magnetic moments fluctuating mainly in the iron
plane, which has been confirmed by recent neutron scattering

experiments. 1214
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Fig. 4. (color online) The in-plane electrical resistance R,,(T) near
the superconducting transition under the magnetic fields up to 9 T. In
the inset, the hollow symbols are the upper critical fields He (T) from
the 10%, 50%, and 90% resistance drops; the solid lines correspond to
the H (T) fitted by the two-band model, yielding the zero-temperature
Ho(T =0)of 13.2 T, 14.9 T, and 16.7 T, respectively.
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Fig. 5. (color online) Temperature dependence of the static magnetiza-
tion around ~ 55 K under the in-plane and out-of-plane fields for the
typical FeSe crystal (T; ~ 7.6 K). (a) Below ~ 55 K, the magnetization
deviates from the linear behavior, leading to the downward curvature.
This downward feature strongly depends on both the magnitude and
direction of the applied magnetic field, as seen in panels (b) and (c), re-
spectively. (d) The magnetization under the field (0.01 T) perpendicular
to the ab plane.

To conclude, large and high-quality superconducting
FeSe crystals of (001) orientation have been success-
fully synthesized via the hydrothermal approach by releas-
ing/introducing K/Fe ions out of/into the matrix crystal of
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insulating Ko gFe; ¢Se;. This hydrothermal growth is high-
efficient (one week) compared to the very time-consuming va-
por transport one (months), and is capable of fabricating a se-
ries of FeSe samples. Our systematic AMR and magnetic mea-
surements on the FeSe crystal samples have revealed the close
relationship between the Ising spin nematicity and the super-
conductivity in bulk FeSe, which has been reported elsewhere.
In addition, this successful growth technique may be appli-
cable in other layer-structured materials, opening up a new
route for preparing and exploring functional material crystals
desired for both basic research and application.
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