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Abstract

®

CrossMark

Temperature-dependent magnetization, specific heat, and magnetic field modulated microwave
spectroscopy (MFMMS) measurements were performed on single crystals of

K,Fe,_,Se,. Magnetization measurements yield a superconducting transition temperature (7. of
~30 K, with a diamagnetic shielding fraction of nearly 90%. Specific heat measurements
revealed a ‘jump’ at T, AC/Tl|y, of about 6.8 + 1 mJ mol~! K2, consistent with bulk
superconductivity in K,Fe,_,Se,. Moreover, MFMMS measurements detect the
superconductivity of K,Fe,_,Se, with a peak with an onset at T}' ~ 28 K, close to the values of
T. determined from the magnetization and specific heat measurements. The presence and the
shape of the low temperature MFMMS signal could be ascribed to a complex dissipation

mechanism and percolative superconductivity.

Keywords: superconductivity, microwave properties, specific heat

(Some figures may appear in colour only in the online journal)

1. Introduction

The discovery of superconductivity in Fe-pnictides and
chalcogenides has generated great interest in these materials
because of their high superconducting transition temperatures
(T,) and the proximity of the superconductivity to long-range
magnetic order in the form of antiferromagnetism or spin
density waves [1-6]. In particular, FeSe and its intercalated
variants A,Fe,_,Se, (A = alkali metal) have been extensively
investigated [7-16]. Even though the crystal structure of these
compounds is identical to that of 122-type Fe-pnictides
(BaFe,As,, CaFe,As;) [17, 18], they exhibit more complex
magnetic and structural features. For instance, A.Fe,_,Se,
compounds exhibit static long-range antiferromagnetic
(AFM) order with a high Néel temperature Ty =~ 560 K [19].
The Fe saturation moment in the AFM phase is 3.3u,
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which is the largest magnetic moment observed in all
Fe-based superconductors. Due to the proximity of super-
conductivity and AFM order in these Fe-based compounds,
the magnetism becomes a central issue. Still an open question
is whether the coexistence of superconductivity and AFM
ordering is at the microscopic level or if these are two dif-
ferent spatially interspersed phases. K,Fe,_,Se, compounds
have a width of formation, show a strong dependence of
electrical transport properties on their stoichiometry/Fe
vacancy concentration, and are in very close proximity to an
insulating state [7, 14, 20]. Due to the off-stoichiometric
nature of K,Fe,_,Se,, wide ranges of the values of x and y
0.6 <x<1; 0<y<0.59) have been reported for the
superconducting crystals with similar 7, values (~31-33 K)
by several groups [7, 8, 12, 13, 15, 16, 20-23]. The broad
feature in its normal state electrical resistivity data, which is
ascribed to the ordering of Fe vacancies [7, 12, 13, 22] and
the percolative superconductivity investigated via magneti-
zation measurements [24], suggest that the superconductivity

© 2016 IOP Publishing Ltd  Printed in the UK
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and its relationship with structural and magnetic order need to
be investigated further.

In this manuscript, we provide the growth details, mag-
netization and specific heat measurements, as well as magn-
etic field modulated microwave spectroscopy (MFMMS)
measurements [25] on K,Fe,_,Se, single crystals.

2. Experimental details

Single crystals of K,Fe, ,Se, were prepared by melting an
FeSe precursor and K metal. The FeSe precursor was pre-
pared by reacting stoichiometric amounts of Fe and Se at
1050 °C. Then, K and FeSe with a nominal composition of
KFe,Se, were sealed in an evacuated quartz tube. Due to the
reaction of the potassium with the quartz tube, this primary
ampoule was sealed within a secondary, larger quartz tube to
prevent exposure to air if the first ampoule degraded enough
to crack. The KFe,Se, charge was placed in a furnace heated
to 1080 °C where it was held for 4 h. The furnace temperature
was then slowly lowered to 780 °C over 50 h, and allowed to
cool naturally for an additional 10h to room temperature.
Once the ampoules were opened, large (up to 5 x 2 x 0.5
mm?), dark, shiny crystals were mechanically separated from
the solidified melt. The crystals are very air-sensitive and
were handled under an Ar atmosphere. Since the actual
composition of the resultant single crystals was not deter-
mined and their off-stoichiometric nature is well known, we
use K,Fe,_,Se, to denote the single crystals whose mea-
surements are reported in this manuscript.

The orientation of single crystals, crystal structure and
sample quality were primarily characterized through analysis
of XRD powder patterns collected with a Bruker D8 Discover
x-ray diffractometer. Magnetization measurements were per-
formed between 5 to 300K in a Quantum Design Magnetic
Property Measurement System (MPMS), equipped with a 7 T
superconducting magnet. Specific heat measurements were
performed down to 1.8 K using a Quantum Design Physical
Property Measurement System, DynaCool. The heat capacity
measurements were made using a standard thermal relaxation
technique. Magnetic field modulated microwave spectroscopy
(MFMMS) measurements were performed using a customized
Bruker EleXsys X-band (9.4 GHz) electron paramagnetic
resonance apparatus. The spectrometer was operated in a non-
conventional mode where the microwave absorption signal
was measured as a function of temperature [25]. A small
(15 Oe) external magnetic field was applied and maintained
during the measurement. A 100 kHz modulation field was
used with a peak-to-peak amplitude of 15 Oe. As a result, the
total applied magnetic field was always positive to avoid
field-dependent hysteretic effects. A flake of a single crystal
sample was placed in a high purity quartz tube which was
filled with helium gas and sealed. The sample was placed in
the center of a rectangular dual mode cavity with microwave
magnetic field parallel to the modulation and external
magnetic fields. The applied microwave power was chosen to
be low enough (1 mW) to avoid heating. A flow cryostat was

used to sweep the temperature from 300 to 4 K with a rate of
5Kmin~".

3. Results and discussion

Powder x-ray diffraction patterns were measured over a range
of 20 values (10 < 26 < 70) for K,Fe,_,Se, (single crystals
were crushed and powdered using a mortar and pestle). The
broad background in the XRD pattern is associated with the
glass substrate. Analysis of the powder x-ray diffraction
pattern indicate that the K,Fe,_,Se, single crystals consist of
a single phase without any trace of impurity phases. Rietveld
refinements were performed on the XRD powder pattern for
the K,Fe,_ ,Se, single crystals using GSAS [26] and
EXPGUI [27]. The lattice parameters obtained using this
procedure, a = b = 3.88A and ¢ = 14.25 A are in agree-
ment with previous reports [7, 21]. The ThCr,Si,-type tetra-
gonal crystal structure with I4/mmm space group was
observed for K,Fe, ,Se,. An XRD pattern for the
K,Fe,_,Se, single crystals is shown in figure 1 and plotted
with the refined pattern for comparison (weighted residual
value wR,, = 0.0474).

Shown in figure 2 are zero-field cooled (ZFC) and field-
cooled (FC) direct current (dc) magnetization M versus
temperature 7" data for K,Fe,_,Se; single crystals measured
in an applied magnetic field H = 5 Oe with the magnetic field
applied parallel to the ab plane. The sharp superconducting
transition around 7, ~ 30K reflects the good quality of the
single crystal. The superconductive shielding fraction esti-
mated from the ZFC magnetization at 10K is about 90%,
demonstrating that the K,Fe, ,Se, single crystals exhibit
bulk superconductivity. Similar superconductive shielding
fractions have been reported by Ying et al [7]. However, this
superconductive shielding fraction is much larger than that
reported in several other previous reports [11, 14, 21]. In the
temperature range from room temperature to 7. (not shown
here), the ZFC and FC magnetization curves are essentially
flat and temperature independent, indicating that the sample is
a Pauli paramagnet.

Isothermal magnetization M versus H curves were mea-
sured at various temperatures with the magnetic field applied
parallel to the ab plane. Selected M versus H isotherms
measured at 7 =15, 10, 15, 20, and 35K are shown in
figure 3. The M versus H plot at T = 35 K, which is above T,
shows slightly hysteretic behavior at low magnetic fields.
This might be related to the inclusion of Fe as an impurity
phase. By extrapolating the high-field slope of the magneti-
zation curve at 35 K back to H = 0 T, the saturation moment
{1, Was determined to be ~0.01 pp f.u.”" which suggests that
the crystal has ~0.5 of pure % Fe inclusions. However, the
XRD pattern did not indicate the presence of any impurity
phases in the crystals within the resolution of the XRD
measurements (several percent). In the Meissner state, the M
versus H curves are linear. The lower critical field H.;(T),
defined as the field in which M versus H deviates from lin-
earity, is ~1200e at T = 5K and decreases with increas-
ing T.
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Figure 1. X-ray diffraction pattern for K,Fe,_,Se, measured at room

temperature. The black circles indicate the observed intensity /s for
K.,Fe,_,Se,. All the peaks can be well indexed. The red line

represents the calculated intensity /... Tick marks represent
calculated peak positions of the main phase. The left-inset shows the
schematic crystal structure of K,Fe,_,Se, (ThCr,Si, type). A picture

of a K,Fe,_,Se, single crystal is shown in the right-inset where the
small squares are 1 mm x 1 mm for reference.
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Figure 2. (a) Zero-field cooled (ZFC) and field-cooled (FC) dc
magnetic susceptibility M/H versus temperature 7 data for
K.,Fe;_,Se, measured in an applied magnetic field of H = 5 Oe

with the magnetic field applied parallel to the ab plane. The
superconducting transition temperature, 7, is indicated by an arrow.

M versus H data at selected temperatures with H applied
parallel to the ab-plane for K,Fe,_,Se, are plotted in figure 3.
Left inset of the figure indicates the temperature dependence
of upper critical field H.,(kOe) for K,Fe,_,Se,. The red
dashed line indicates the linear extrapolation of temperature to
0K which approach a value of 11.6kOe. According to the
conventional one-band  Werthamer—Helfand—Hohenberg
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o0 i 12 - KFe, Se,
— u
N ~___ Hiab
40 4 ! >
LT .
20F o i
P | 0 5 10 15 20 25 3
S ()
g o —
2
8 20 .
S
40 B 5 i
L £
3
60 |- 5 g
—— 7=5K  —— T=20K e
f—— T=10K —— 7=35K =
- . — 0 02 04 06 08 1.0 12 14 1.6/
8 T_:]SK 1 | H(KOe) |
-20 -10 10 20

0
H (kOe)

Figure 3. M versus H data at selected temperatures with H applied
parallel to the ab-plane for K,Fe,_,Se,. Left inset: the temperature

dependence of upper critical field H.,(kOe) for K,Fe,_,Se,. The red

dashed line indicates the linear extrapolation of temperature to 0 K.
Right inset: low-magnetic field M versus H curves at various
temperatures.

(WHH) theory [28], Hc(0) = —0.69T.(dH,/dT)r,. Heo
values for various temperatures were derived from the M
versus H isotherms in figure 3 as the field where the irre-
versibility disappears. The zero temperature value of the
orbital  critical ~ field  H.(0)|lab-plane  for  the
K,Fe;_,Se, compound was inferred from the initial slopes of
the H,, versus T curve, —(dH,/dT)s;, = 0.57kOe K™,
yielding a value of ~12kOe, which is smaller than that
estimated for the same orientation in K gFe;gSe, [29]. It is
well accepted that the WHH formula is valid for one-band
superconductors and that H.,(0) might be affected by the
complicated multiband structure as observed in various FeSe
compounds [3, 4]. Hence, the value of H.,(0) derived from
the initial slope of the H., (T) curve is just a rough estimate.
An accurate value of H.,(0) can only be achieved by applying
high enough magnetic fields.

Plots of specific heat divided by temperature C/T versus
T for K,Fe,_,Se, in zero magnetic field, C(T, H = 0)/T,
and in a magnetic field of 9 T, C(T, H = 9T)/T, with the
magnetic field applied parallel to the c-axis, are presented in
figure 4(a). At around 30K, there is a small peak in the
C(T)/T data of K,Fe,_,Se, that coincides with the feature in
M (T)/H, indicative of a phase transition. The C(T)/T data
were analyzed by performing linear fits of the expression
C(T)/T =~ + (BT? to the data plotted as C/T versus T°
shown in figure 4(b), where ~ and (3 are the electronic and
phonon contributions to the specific heat, respectively. Since
the K,Fe,_,Se, sample is superconducting below 30K, the
electronic specific heat coefficient y is expected to depend on
temperature, exhibiting a ‘jump’ in magnitude at 7, and then
decreasing with 7 exponentially for a nodeless super-
conducting energy gap or as a power law for a nodal gap.
However, since y is small, we treat it as a constant in the
analysis of the C(T)/T data as we would if the sample were
to be in the normal state over the entire temperature range of
the fit. As a conservative rule of thumb, performing a linear fit
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Figure 4. (a) Specific heat divided by temperature C/T for K,Fe,_,Se, in zero magnetic field (solid black circles) and in an applied magnetic
field H = 9 T with the magnetic field applied parallel to the c-axis (open red circles). Inset: specific heat divided by temperature C/T at
temperatures close to the superconducting transition temperature T,, emphasizing the 7, (indicated by an arrow).(b) C/T versus 7° for
K,Fe,_,Se,. The solid red line represents a fit to the data using the equation C(T)/T = v + BT>. (c) The difference in the C(T)/T data

between zero magnetic field and in an applied magnetic field of H =

9 T. A value for the superconducting transition temperature 7, of

~30.5 K was extracted from an equal area entropy conserving construction. The red solid line is a guide to the eye to show how the height of

the specific heat anomaly was estimated.

of the C(T)/T versus T* data to extract v and calculate ©p,
from 3 is reasonable up to a maximum temperature of
~Op /50 [30]. Guided by this rule, the fits were performed in
the 4-30 K* temperature range and yielded the values ~ ~
0.53mJmol 'K 2 and § ~ 1.ImJmol ' K* Using the

1274 1/3 1 1
ZonR)", where R = 8.3145 Jmol~' K

is the ideal gas constant and n = 5 is the number of atoms in
one unit cell [31], the Debye temperature was calculated and
found to be ©p &~ 207 K, which is relatively small compared
to other FeAs-based superconductors [3]. The small residual
electronic coefficient vy at low temperatures in the super-
conducting state could be evidence for a nodal gap in
K,Fe,_,Se, which is consistent with NMR measure-
ments [3].

The specific heat anomaly due to the superconductivity in
the vicinity of T, at zero field is more visible in figure 4(c),
which shows the difference between the C(T)/T data for
H=0Tand H=9T. Assuming this feature is indeed due to

relation: Op =

the transition into the superconducting state, we can estimate
T. ~ 30.5K from an equal area entropy conserving con-
struction (red lines in figure 4(c)). This value of T is close to
the the value (7. ~ 30 K) obtained from the magnetization.
The presence of the feature suggests that superconductivity in
K.Fe,_,Se, is a bulk phenomenon. We can estimate the
value of the specific heat jump AC/T|y, at T, from the height
of the entropy conserving construction which yields about
6.8 £+ 1 mJ mol ™' K 2. If we use the value of the normal state
electronic specific heat coefficient ~, = 5.8 mJ mol ' K2
reported by Zeng etal [32], AC/~,T 1.2 for
K,Fe,_,Se,, which is close to the weak coupling BCS value.
However, due to the difficulty of estimating the normal state
electronic contribution ~,, a reliable conclusion about the
coupling strength can not be made.

In addition to the aforementioned standard super-
conducting analysis of the K,Fe,_,Se, single crystals, we
used magnetic MEMMS [25, 33] to investigate the super-
conductivity and its relationship with other types of electronic

~
~
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Figure 5. (a) Magnetic field modulated microwave spectroscopy
(MFMMS) of K,Fe,_,Se,. A small (15 Oe) external magnetic field
was applied and maintained during the measurement. The MFMMS
signal was recorded in a rectangular X-band cavity at 9.4 GHz
microwave frequency. A 100 kHz modulation field was used with a
peak-to-peak amplitude of 15 Oe. The superconducting transition
appears as a sharp peak with an onset ~T# ~ 28 K. The inset is
zoomed into the dotted area above the superconducting transition.
(b) MFMMS signal of K,Fe,_,Se, (black) compared to that of high-
T, superconducting YBa,Cu3O7_, powder (red). In order to
qualitatively compare the MFMMS signal of these two materials, the
signal is plotted versus 77, for each sample.

and magnetic order in these compounds. MFMMS is mainly
used to screen for the presence of possible superconducting
transitions in a given temperature range. However, there are
other electromagnetic transitions and microwave absorption
mechanisms that can be detected by this technique [25, 34].
Therefore, the complex phase diagram of alkali metal doped
FeSe compounds and its strong relation with other mechan-
isms could be further investigated. Inclusion of Fe at the level
of ~0.5%, estimated from M versus H measurements

performed at T = 35K, and other possible impurity phases
can be detected by MFMMS, which makes it possible to
probe all phases present in the sample at the same time with
very high sensitivity [25, 33].

Figure 5(a) shows the MFMMS signal of a single crystal
of K,Fe,_,Se, over a broad temperature range. The super-
conducting transition appears as a sharp peak with an onset at
~28 K, which is close to the temperature obtained from the
magnetization and specific heat measurements. At the trans-
ition of a superconducting material, the main characteristic of
the MFMMS signal for low dc fields is generally manifested
as follows: the signal is in the noise floor for temperatures
above T}' and increases abruptly at the 7. The signal reaches
a maximum at a certain temperature and decreases back to the
noise level measured above T [25]. This typical MFMMS
response is observed for various superconductors such as
MgB,, ErRh4B,, and Nb [25]. However, this is not the case
for K,Fe, ,Se,: the absorption signal increases with
decreasing témperature after the transition. Similar non-zero
low temperature microwave absorption signals have been
observed in many high-T, cuprates [35, 36]. We measured the
MFMMS signal of superconducting YBa,Cu;O7_, powder
and qualitatively compared it to the MFMMS signal of
K,Fe,_,Se, in figure 5(b). The absorption signal below T}
for both samples shows surprisingly similar trends. The non-
zero absorption signal indicates that there are additional dis-
sipation mechanisms which give rise to the low temperature
MFMMS signal in the superconducting phase. This dissipa-
tion mechanism might be vortex motion and pinning, a Bragg
glass-vortex liquid transition, or Josephson junctions (weak
links) which can be detected by MFMMS [25].

The low temperature microwave absorption signal in
cuprates is generally attributed to an ensemble of weak links
or Josephson junctions between superconducting regions in
the bulk samples [37]. It is generally accepted that high-T,
superconductors consist of weakly coupled grains—even in
single crystals [38]. The grain size and coupling strength
depend on the preparation process and the sample morph-
ology. It is this granularity which is probed very efficiently by
the microwave absorption technique. Therefore, the low
temperature MFMMS signal could be ascribed to the presence
of weak links in K,Fe,_,Se,. This is in agreement with the
previously observed intrinsic percolative superconductivity in
K.,Fe,_,Se, compounds at low temperatures [24].

In the high temperature region (the inset of figure 5(a)),
the slight change at ~120 K in the absorption signal is similar
to the ones observed in magnetite due to the Verwey trans-
ition [34]. Considering the magnetization measurements that
indicate the presence of a small magnetic background (~0.5%
Fe inclusion) above the superconducting transition and the
extreme sensitivity of the MFMMS technique, it is likely that
the surface of the sample is slightly oxidized.

4. Summary

In summary, we prepared a K-intercalated FeSe compound,
K,Fe,_,Se,, in single crystalline form, with a value of T of
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~30K. The ZFC dc magnetization measurements indicate
that the superconductive shielding fraction is close to 90%,
which shows that the crystals exhibit bulk superconductivity
and are of good quality. A specific heat anomaly is observed
at T, =~ 30.5K with a specific heat ‘jump’ AC/T|;, of
~6.8 £ ImImol 'K The ratio AC/yT ~ 1.2 for
K,Fe,_,Se, is close to the weak coupling BCS value.
MFMMS measurements confirm the superconductivity of
K,Fe,_,Se, sample with an onset at T/ ~ 28 K, close to the
T. determined from the magnetization and specific heat
measurements. The presence and the shape of the low
temperature MFMMS signal could be ascribed to a complex
dissipation mechanism and percolative superconductivity
similar to what is found in the high-T, cuprate super-
conductors.This dissipation mechanism is generally caused by
weak links which can be detected by MFMMS. The small
drop in the MFMMS signal at ~120 K is similar to the Ver-
wey transition of magnetite and could be due to slight oxi-
dation on the surface.
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