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ARTICLE INFO ABSTRACT

Keywords: Deeply understanding the role of intermediate metal A on structure and related properties of ThCr,Si>-type
KCozSe; transition metal compounds ATM,X is of great importance for designing novel layered functional materials.
ThchSiT_tYPe structure However, inducing A vacancies usually trends to destroy the original structure in reported systems so far, which
K vacancies ) hampers the further research. Here we report the controllable K vacancies in K; _ ,Co,Se; system (0 < x < 0.3),
Ferromagnetism

where both the ThCr,Si,-type structure and intact tetrahedral [CoSe] layers can be maintained with the varying
occupancies of K. By inducing K vacancies in structure, tetragonality of the lattice for K; _,Co,Se, increases with
the shortened a and elongated c. The (CoSe,) tetrahedron is also compressed perpendicular to the ¢ direction
resulted from the K deficiency. X-ray absorption near-edge structure reveals that the valence state of Co is
basically unaffected by K deficient with the absorption edge of Co K-edge unchanged. Concerning the physical
properties, K vacancies increase the resistivity of metallic K; _,Co,Se, due to the decreased charge transfer from
K* to [CoSe] layers. More importantly, the ferromagnetic interaction of K; _,Co,Se, is unexpectedly weakened
by raising K vacancies with the Curie temperature shifted from 80 to 52 K, despite the shortened Co-Co distance.
First-principles calculation reveals that the spin polarization is weakened resulted from the K vacancies, mainly
attributed to the reduced charge transfer from K™ to [CoSe] host. Our results clearly indicate the domination of
transferred electrons from intermediate metal A on the magnetic interaction of ATM,X,, and also show the
feasibility to regulate the structure and related properties of ATM,X, by controlling the A content.

1. Introduction

Layered transition metal chalcogenides/arsenides ATM,X,, which
contain the intermediate metal (A = alkalis, alkali earths or lantha-
nides) between [TMX] host layers (TM = transition metals, and X = S,
Se, P or As), usually crystallize with the ThCr,Si,-type structure in a
body-centered tetragonal lattice (space group: I4/mmm) [1-3]. Due to
the d electrons from transition metal, ATM,X, exhibits very rich elec-
tromagnetic properties, such as high-temperature superconductivity
[4,5], interlayer magnetic interaction [6], and heavy fermion behaviour
[7]1 as well. From the structure point of view, the covalent bonded
[TMX] layers adopt fluorite structure with edge-sharing (TMX,) tetra-
hedrons and act as the functional layers. It is believed that the prop-
erties of these materials are originated from [TMX], mainly determined
by the species of transition metals [3]. The intermediate metals A,

* Corresponding author.
E-mail address: wxyuanwz@163.com (W. Yuan).

https://doi.org/10.1016/j.jmmm.2019.165473

considered as the guest species, also play an important role in reg-
ulating the properties of ATM>X, since the electrons can easily transfer
from intermediate metals to the host. It has been reported that the
superconducting critical temperature can be adjusted from 18 to 46 K in
Fe selenides by changing the intermediate metals [8-10], and the
magnetic interaction ordering can also be modulated (from ferromag-
netic to anti-ferromagnetic) by adopting different A in layered Co ar-
senides [11-14].

Charge transfer from intermediate metals A is highly relevant to the
electronic structure of ATM,X,. Inducing the vacancies at A sites can
give rise to the adjustment of carrier concentration in [TMX] layers,
leading to the regulation on related electromagnetic properties.
Compared with the vacancies at TM sites which generally destroy the
related feature [15,16], tunable A vacancies in ATM,X are expected to
be more gentle and effective to modulate the related properties since
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the [TMX] host would be maintained and intact. Consequently, a deep
understanding on this regulation will be of great help for the material
design in ATM,X, system. However, tuning the A vacancies in ATM,X,
trends to be unattainable in arsenides due to the request of valence
balance from the negative [TMAs] [17,18]. For TM chalcogenides with
electrically neutral [TMX], the deficient A was reported to reduce the
structural stability in Ni-based system, leading to the collapse of
ThCr,Si>-type structure [19]. These issues hinder us to thoroughly un-
derstand the regulation of intermediated metal A on the structure and
related properties of ATM,X,. In order to solve this problem, a system
where the content of intermediate metal A can be easily controlled
without inducing any TM vacancy or structural instability is required.

Layered cobalt selenide KCo,Se, with ThCr,Si,-type structure was
reported to show A-type ferromagnetism [6]. Wide investigations have
been done on KCo,Se, and its sister compounds ACo»Ch, (A = Rb, Cs,
Tl and Ch = Se, S) by chemical doping on A, Co and Ch sites, leading to
a series of novel magnetic phase transitions [20-25]. However, the
effort to adjust the A vacancies in these layered Co selenides has not
been reported. In this work, we report the intrinsic feature of tunable K
vacancies in nominal K;_,Co,Se, (0 < x < 0.3). It is indicated that
both the ThCr,Si,-type structure and intact [CoSe] layers can be well
maintained when the composition of intermediate metal is adjusted in
this system. With the K vacancies increased, the lattice parameter a is
shortened while c is elongated, resulting in an increased tetragonality
(c/a). Concerning physical properties, K vacancies significantly in-
creases electric resistivity of K; _,Co,Se, by reducing the transferred
electrons. More interestingly, in spite of the shortened Co-Co distance in
[CoSe] functional layers, inducing the K vacancies leads to weaker
magnetic interaction with Curie temperature (T¢) of K;_,CosSe, de-
creased from 80 to 52 K. This suggests that the ferromagnetic interac-
tion in K; _,Co,Se, is mainly governed by the charge transfer, rather
than the structural parameters. First-principle calculation is also carried
out to explore the mechanism of these effects from K vacancies.

2. Experimental
2.1. Synthesis

The polycrystalline samples K; _,Co,Se, (with x = —0.2, 0, 0.1,
0.2, 0.3, 0.4 and 0.5) were synthesized by solid state reaction. Powders
of Co (99.8%) and Se (99.95%) obtained from Alfa Aesar were mixed
and ground in an agate mortar, followed by cold-pressing into disks
(1 mm in diameter) with a 200 kg/cm2 uniaxial stress. The disks were
put into the alumina crucibles together with the cut K ingot (97%, from
China National Accord Medicines Corporation) with predetermined
compositions and sealed into quartz tubes under vacuum (102 mbar).
The tubes were heated to 473 K with the heating rate of 100 K/h, held
for 12h and then to 973K for 48h to obtain the precursors. After
grinding, the samples were re-heated at 923K for 72h to obtain the
homogeneous phase and then cooled down to room temperature by
turning off the furnace. All manipulations for sample preparation were
carried out inside an argon-filled glove box (O, < 1ppm) in order to
prevent the oxidation.

2.2. Characterization

Powder X-ray diffraction (PXRD) of the nominal samples
K; _xCosSe, were collected at room temperature on a PANalytical dif-
fractometer (X’Pert PRO MRD) equipped with CuKa radiation
(A =1.5148 f\) operation at 40kV and 40 mA and a diffracted-beam
graphite monochromator in a reflection mode (step = 0.017°26, scan
speed = 0.07 s/step for phase define and 0.47 s/step for structure
analysis). Temperature-dependent in situ PXRD was performed at 200
and 100 K by using a Rigaku SmartLab SE instrument (CuKa radiation)
equipped with an Anton Paar nonambient sample stage. Rietveld re-
finements were performed using the FULLPROF package [26]. The
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stoichiometric KCo,Se, structure was used as the starting model to re-
fine the K; _,Co,Se, samples with x = 0, 0.1, 0.2 and 0.3. The mor-
phology of samples was investigated via scanning electron microscopy
(SEM, Hitachi S-4800) and transmission electron microscopy (together
with the selected area electron diffraction (SAED)) (TEM, JEOL JEM-
2100F). The component analysis of Co, Se and K was made by energy
dispersive X-ray spectroscopy (EDS). The result for each sample was
obtained based on the average of 7-10 sets of data. The valence state of
Co was investigated by X-ray absorption fine structure (XAFS) which
was collected on the 1W1B beamline at Beijing Synchrotron Radiation
Facility (BSRF). The samples were recorded at the Co K-edge
(Ey = 7709 eV) at room temperature. The magnetization susceptibility
was measured by using a vibrating sample magnetometer (VSM,
Quantum Design). The electrical resistivity was measured with the cold-
pressed samples under a uniaxial stress of 600 kg:cm ™2 via a typical
four-probe method on physical property measurement system (PPMS).

2.3. First-principles calculation

Electronic structure calculations were performed using the CASTEP
program with plane-wave pseudopotential method [27]. Generalized
gradient approximation (GGA) in the form of the Perdew-Burke-Ern-
zerhof was chosen to solve the exchange-correlation potentials. The
ultrasoft pseudopotential with a plane-wave energy cutoff of 330 eV
and a Monkhorst Pack k-point separation of 0.04 A~ ! in the reciprocal
space were used for all the calculations [28]. The self-consistent field
was set as 10~ ®eV/atom. A 2 X 2 x 1 supercell with Co vacancy sites
was built to simulate the K, ,5C0,Se, with 25% K vacancies.

3. Results and discussion

The obtained K; _yCosSe, samples are dark microcrystalline solids,
which are unstable to air and moisture. So the samples were kept in the
glove box before they were mounted for characterization. Fig. 1 shows
the PXRD patterns for a series of K; _,Co,Se, with nominal x = —0.2,
0, 0.1, 0.2, 0.3, 0.4 and 0.5 collected at room temperature. The main
phase of each pattern can be well indexed by the body-centered tetra-
gonal cell with space group I4/mmm (No. 139). For sample with excess
K (x = —0.2) an impurity marked by # is assigned to K,CoSe, (ICSD
PDF: 79-2149). And for samples with x = 0.4 and 0.5, binary CoSe
(ICSD PDF: 70-2870) was observed, marked by asterisk. It can be seen
that the impurity CoSe also arises in sample with x = 0.3 but with a
very small amount. For samples with x = 0, 0.1 and 0.2, pure phase can
be obtained. It suggests that the K; _,Co,Se, shows solid solution re-
spect to K content with the boundary around x = 0.3. This solid solu-
tion could be further confirmed by the inset of Fig. 1, where the (00 2)
and (200) peaks gradually shift to lower and higher 20 angles re-
spectively with the nominal x increased from 0 to 0.3.

Rietveld refinements were carried out on PXRD patterns of samples
with x = 0-0.3 to solve the structure of these tetragonal phases. A ty-
pical refinement of sample x = 0.3 is plotted in Fig. 2a, showing a sa-
tisfactory level for fitting the experimental pattern. All the obtained
structural parameters are listed in Table 1. It needs to be mentioned
that only sample x = 0.3 contains 6.6 at.% CoSe, while the other three
show no diffraction peak from any impurity. The K-site occupations for
different samples show significant deviation from each other, varying
from 0.98(1) (x = 0) to 0.69(1) (x = 0.3). On the contrary, both Co and
Se sites are fully occupied. So it is indicated that the vacancies of K are
tunable in this ThCr,Si,-type compound with maximum content ~30%
(Fig. 2b). The observation of hexagonal CoSe impurity in sample
x = 0.3 could be mainly resulted from the loss of alkali metal during the
sample preparation, which leads to less K content in the reaction. EDS
measurements were used to confirm the variation of K content in these
samples and the measured chemical compositions of sample x = 0, 0.1,
0.2 and 0.3 are K1'02C01'96582, K0'87C02Sez, Ko'76C01'ggse2 and
Ko.67C02.015e; respectively, which are comparable to our refinements. A
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Fig. 1. PXPD patterns for nominal K;_CosSes
(x=-0.2, 0, 0.1, 0.2, 0.3, 0.4 and 0.5). The re-
flections marked by (*) and (#) are assigned to
hexagonal CoSe and K,CoSe,, respectively. Sample
with x = —0.2 represents the nominal composition
K;.2CosSe,. Inset shows the enlarged (002) and
(200) peaks of K; _4CosSe,, and the blue and red
area are eye guide for peak shifting. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Fig. 2. (a) PXPD pattern for nominal K, ;Co,Se, (the sample with x = 0.3) with the final Rietveld refinement. (b) Crystal structure for K, Co,Se, with deficient K in
the lattice. (c) EDS spectrum for Ko ,Co,Se, with the electronic microscope photograph of a crystal particle inset. (d) SAED pattern for Ko 7CoaSes.
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Table 1
Refinement parameters for nominal K; —,Co,Se, (x = 0, 0.1, 0.2 and 0.3).
Nominal x=0 x=0.1 x=0.2 x=0.3
Refined Ko.os(1)C025e2  Ko.gs1)Co28€2  Kozg1yCo25€2  Ko.eo(1)C02Sex
a(h) 3.8832(3) 3.8520(4) 3.8233(3) 3.8117(4)
c(A) 13.5941(7) 13.7520(8) 13.8601(6) 13.9145(8)
se-co-se (7) 109.18(8) 107.18(8) 106.80(8) 106.38(9)
Bse-cose ) 110.06 (9) 110.63(8) 110.82(8) 111.04(9)
Co-Se (A) 2.3694(16) 2.3932(14) 2.3812(15) 2.3804(17)
Rup (%) 2.15 2.54 3.02 3.83
x> 2.95 5.21 4.49 3.62
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Fig. 3. (a) The Co K-edge XANES spectra of Co foil, KCo,Se, (x = 0) and
Ko.8CoxSe; (x = 0.2). Inset shows the first-derivatives of the XANES spectra. (b)
Fourier transform (FT) of the Co K-edge EXAFS kax(k) functions for KCo,Se,
and K, gCosSes. The inset displays their normalized EXAFS kgx(k) functions.

typical result of sample with x = 0.3 is shown in Fig. 2c. Both Rietveld
refinement and EDS exclude the existence of obvious Co deficiency in
the series of samples. Hence, we indicate that the [CoSe] layers are
intact in this system when K vacancies are induced in the structure. To
further reveal the microstructure features of K;_,CosSe,;, SAED in-
vestigation was also carried out on the sample with x = 0.3 and as
shown in Fig. 2d, the diffraction spots can be well indexed by I4/mmm
space group, which is in agreement with the PXRD pattern. It is worth
noting that no superstructure has been found, because no extra spot
besides the ones from tetragonal lattice was observed. It suggests that
the K vacancies in K; _,CosSe, system are totally disordered.

The X-ray absorption fine structure (XAFS) spectra of samples x = 0
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and 0.2 were also collected at room temperature and plotted in Fig. 3a
together with that of Co foil as reference. It can be seen that the Co K-
edge X-ray absorption near-edge structure (XANES) spectra of KCo,Se,
and K gCo»Se, are basically the same, but obviously different from that
of Co foil. A weak pre-edge feature around 7708 eV can be observed,
which is attributed to 1s—3d transition of transition metal [29].
Meanwhile, both two curves show a strong asymmetrical absorption
located at around 7725 eV, corroborating the high-spin Co®>* ions in
tetrahedral coordination in two samples (the absorption of octahedral
Co®* ions is located around 7729 €V, as reported in literatures)
[30,31]. Comparing with the data from literature [32], K;_,CosSes
system shows very similar spectra with that of CoO, implying the oxide
state in our sample is close to +2. The first-derivatives of XANES
spectra inset show the absorption edges of Co K-edge for KCo,Se, and
Ko.gCosSe; are located at 7713 eV. This suggests that the K vacancies in
structure hardly affect the Co valence state. Additionally, the Co K-edge
extended XAFS (EXAFS) k>x (k) functions of KCo,Se, and K, gCo,Se, are
basically the same (inset of Fig. 3b), and the Fourier transform (FT) of
EXAFS of two samples are also similar, both showing a single peak
(Fig. 3b). This clearly validates that the K vacancies do not break the
(CoSe,) tetrahedron in K; _,Co,Se,.

It is suggested that a certain amount of K is still requested to sta-
bilize the ThCr,Si>-type structure during high-temperature synthesis,
which is ~70% based on our work. Recently, Zhou et al reported the
synthesis of binary tetrahedral CoSe by de-intercalating K from KCo,Se»
precursor at room temperature, where the product is metastable in
thermodynamics [33]. This implies that the content of K vacancies
might be tuned in a wider range (> 30%) through low-temperature
synthesis. Although the regulating composition of K in K; _,CosSe; is
limited here, the high-temperature route used in our work can realize
much better crystalline and even large-size single crystals. On the other
hand, our attempt to introduce K vacancies in KCo,S, by solid state
reaction was failed. We speculate that the suitable lattice parameters in
ATM_,X, system could also be a critical factor for the tunable vacancy of
intermediate metal A, since KCo,S, is simply the isologous of KCosSe,
with compressed lattice.

Based on the tunable K vacancies in K; _,Co,Se,, we could make a
thorough analysis of the influence of intermediate metal A on structure
parameters of this ThCr,Si,-type phase. The lattice constants and two
Se-Co-Se angles in K; _,Co,Se, depended on the refined vacancy con-
tent x are schematized in Fig. 4. The obtained parameters of stoichio-
metric KCo,Se, are comparable with the reported data [6]. By in-
creasing x to 0.3, a axis is significantly shortened from 3.8832(3) to
3.8117(4) A, suggesting that the covalent bonding in [CoSe] host layers
is strengthened due to the induced K vacancies. On the contrary, ¢ axis
lengthens from 13.5941(7) to 13.9145(8) A with the reduced K com-
position. This can be explained by a smaller Coulomb force between
[CoSe] functional layers caused by less K* cations [9,34]. Meanwhile,
the varying K content also leads to the distortion of (CoSe,) tetra-
hedron. In stoichiometric KCo,Se,, the tetrahedrons are slightly dis-
torted from the perfect (Se-Co-Se angle = 109.47°) with a = 109.18(8)°
and ( = 110.06(9)°. With vacancies increased, the distortion is clearly
exacerbated with the difference between a and [} getting larger (lower
part of Fig. 4). This suggests that the K deficiency also drives a com-
pression on CoSey tetrahedrons along the ab plane. It has been reported
that in tetragonal CoSe (which can be considered as the K;_CosSe,
with x = 1) this distortion is a = 105.8(2)° and B = 111.382(63)° [33],
which is in line with the tendency from our results [35].

Temperature-dependent in situ PXRD was also performed at 200
and 100K for sample x = 0 and x = 0.2, to further investigate the
structure in low temperature range. As shown in Fig. 5, the I4/mmm
space group is maintained at 200 and 100 K for both two samples, with
no extra diffraction peak observed besides the one from the tetragonal
lattice. The enlarged (1 0 3) diffraction peaks do not split off, suggesting
that there is no decreased symmetry occurred in this Co-based system.
Hence, it is indicated that there is not any structure distortion or phase
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transition in K; _,Co,Se, system from room temperature down to 100 K.
By indexing the patterns, the lattice parameter a for Ko gCo,Se, at 100 K
(3.8013(3) i\) is still smaller than that of the stoichiometric KCo,Se,
(3.8356(4) A), showing the shorter Co-Co distance in ab plane in this K
deficient phase even in the low temperature range.

The temperature-dependent resistivity of K;_,Co,Se, shown in
Fig. 6 exhibits the metallic behavior in measured temperature range
from 300 and 5K with the resistivity of all samples below 3 mQ-cm at
room temperature. It is noted that with the increased K vacancies, re-
sistivity increases with the data of sample x = 0.3 a fifth larger than
that of x = 0. This could be easily understood since the intermediate
metal K in this system plays the key role for charge transfer to [CoSe]
host layers. Increasing the K vacancies would certainly reduce the
carrier concentration in K; _,Co,Se,, hence enhance the electric re-
sistivity.

Fig. 7 shows the temperature dependence of magnetic susceptibility
x of K;_xCosSe,. All the curves clearly show the ferromagnetic or-
dering behavior below 100 K. It should be mentioned that the existence
of impurity phase in sample x = 0.3 does not interfere with the ferro-
magnetic transition, since the hexagonal CoSe is reported to be para-
magnetic [36]. With the K vacancies increased, the ferromagnetic in-
teraction is weakened with the Curie temperature T decreased from
80K for x = 0, to 67, 56 and 52K for x = 0.1, 0.2 and 0.3 respectively
(Tcs were obtained from the derivative susceptibility [15]). The hys-
teresis loops at 10K shown in Fig. 8 confirm the ferromagnetism in
K; —xCosSe; system and also indicate that the samples are soft ferro-
magnets according to the weak hysteresis (inset of Fig. 8). From Fig. 8a,
the saturated magnetic moment for stoichiometric KCosSe, is 0.73 pg/
Co, which is consistent with the value reported in literature (0.75 pp/
Co) [23]. As the K vacancies involved, the moments at 4 T are reduced
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to 0.65, 0.46 and 0.32 pg/Co for samples x = 0.1, 0.2 and 0.3, re-
spectively in Fig. 8b-d. These reduced magnetic moments are in
agreement with the subdued ferromagnetic interaction from the M—T
curves. Inset of Fig. 7 shows the inverse susceptibility ('), whose
data in the higher temperature range (from 300 to 100 K) can be well
fitted by the modified Curie-Weiss law [23]:

X=X t+ T—0
where o denotes the temperature-independent term, C is the Curie
constant and 6 is the paramagnetic Curie temperature. From the
equation i,y = \8Cu,, the effective magnetic moments of Co were
calculated. The obtained .4 values are 2.48, 2.59, 2.64 and 2.95 pg/Co
for nominal x = 0, 0.1, 0.2 and 0.3, respectively. Compared with that of
Co?* ion (3.87 ug), the effective magnetic moments of Co in all
K; _xCosSe, samples are smaller, indicating the itinerant magnetism
nature in these phases.

Combining the lattice parameters obtained from the refinements, it
is interesting to find that the ferromagnetic interaction is weakened
with the K vacancies induced, despite the Co-Co distance in ab plane
(equal to%za) is obviously shortened from 2.746 to 2.695 A with x
changed from O to 0.3. In general, the magnetic interaction in layered
Co-based materials should be highly related to the Co-Co distance in ab
plane, where the shorter Co-Co distance usually leads to stronger in-
teraction with higher critical temperature (Neel temperature Ty or T¢).
However, previous literatures reported the higher T¢ combined with
longer Co-Co distance in some Co-based phosphides (La; —xPr,CooP»,
LaCo,_Fe,P,, etc.) [37,38], which suggested that the magnetic inter-
action in these materials could be dominated by the electron structure
rather than the crystal structure parameters. K;_,CosSe, presented
here further confirms this feature that the magnetic interaction is
mainly determined by carrier concentration instead of the Co-Co dis-
tance in ab plane. Meanwhile the evidence in our work is even stronger
than the reported systems since no foreign element is involved in
K;_xCosSe, but only the K deficiency induced, unlike the
La; _4PryCo,P5 or LaCo,_,Fe P, systems with foreign species doped.
This novel phenomenon in Co-based 122-type materials could be at-
tributed to their itinerant magnetism nature, which is confirmed by the
calculations that we will show below.

In order to understand the mechanism of the decline on ferromag-
netic ordering in K;_,Co,Se, with the increased K vacancies, first-
principles calculation was carried out to calculate the electronic
structure of KCo,Se, and nonstoichiometric K, ,5C0,Se, (it is con-
venient to induce 25% K deficiency in the structural model). As shown
in Fig. 9, both compounds exhibit metallic state with the density of
states (DOS) crossing the Fermi level, in accordance with the observed
metallic behavior in Fig. 6. Calculation on spin-polarized partial DOS
shows that the majority DOS near the Fermi level are contributed by Co
atoms (red curves in Fig. 9a and b). The magnetic moment for KCo,Se,
is calculated to be 2.29 np/Co (consistent with the reported calculation
[39]), and this value is significantly reduced to 1.72pp/Co for K defi-
cient Ko 75C0,Se,, implying the degenerative magnetic interaction. The
integral difference between the spin-up and spin-down DOS channels
crossing the Fermi level is 1.27 states/eV-Co for KCosSe, and this value
fells to 0.90 for Ky 75Co,Se, as shown in Fig. 9¢, mainly attributed to the
reduced carrier concentration from the K vacancies. These results un-
ambiguously indicate that the ferromagnetic interaction in K-deficient
Ko.75C05Se, is weakened, compared with that of vacancy-free KCosSe,.
In consequence, we declare that in K;_,Co.Se, system, the charge
transfer from intermediate metal K, which determines the charge
transfer to [CoSe] host layers, plays a more crucial role to regulate the
magnetism.

It is worth noting that an anomaly is also observed at 14K in the
M-—T curve of sample x = 0.3 (Fig. 7), which may be resulted from
another magnetic transition in lower temperature range. As reported in
literature, stoichiometric KCo,Se, shows A-type ferromagnetic ordering
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with the magnetic moment of Co parallel to the ab plane. As the K
vacancies induced, a modulation on the original magnetic structure
may occur. Additionally, Zhou et al., reported the synthesis of tetra-
gonal CoSe by de-intercalating the potassium from KCosSe, and sug-
gested at first that CoSe is ferromagnetic [33]. Later, their colleagues
Wilfong et al., demonstrated the frustrated magnetic ordering instead
(spin-glass state) in tetragonal CoSe by more systematic magnetic re-
presentation [40]. In K, ,Co.Se; with ~30% K deficiency, the ferro-
magnetic interaction may also be frustrated, resulting in the anomaly in
both M—T and M—H curves (Figs. 7 and 8d). Further investigation
should be done in future using more accurate characterization (such as

T®

300 300
0.8 -
wl  x=0 w} x=0.1
-~
0.7 o 100 100
o
)
2 "o 50 100 150 200 250 300 50 100 150 200 250 300
0.6 - E 300 300
J
~ ~
=) T 200 x=0.2 200, x=0.3
O 05
—_— 100 100
g
- 4L
E 0.4 950 100 150 200 250 300 o S0 100 150 200 250 300
L
N’
=<

x=0
x=0.1

0.2

0.1

0.0

0 50 100 150 200 300

Temperature (K)

250

Fig. 7. Temperature-dependence of magnetic susceptibility of K; _,Co,Se, with
x =0, 0.1, 0.2 and 0.3 under the field of H = 1 T with zero-field cooling (ZFC).
Inset shows the inverse of susceptibility versus temperature with the modified
Curie-Weiss fitting (dash yellow lines). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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neutron powder diffraction) to determine the magnetic structure of
Ko.7CosSe, sample at low temperature.

4. Conclusions

In conclusion, a series of K; _,Co,Se, was successfully synthesized
by solid state reaction and the tunable K vacancies (up to ~30%) were
demonstrated in this system via analyzing the chemical composition
and structural parameters. We exclude the existence of Co deficiency
from refinements and EDS, suggesting the intact [CoSe] functional
layers can be maintained with the K vacancies regulated in this system.
Based on the controllable K vacancies in this ThCr,Si,-type compound,
the structure parameters and related properties can be effectively ad-
justed. By inducing the K vacancies, the lattice constant a is compressed
while c is enlarged, resulting in an increased c/a ratio. The distortion of
CoSe, tetrahedron is also intensified resulted from the deficient K in the
structure. Although the oxide state of Co is basically unchanged, the K
vacancies raise the electric resistivity and most importantly, regulate
the strength of ferromagnetic interaction in this layered Co selenide
with Curie temperature T¢ varying from 80 to 52 K. First-principles
calculation shows that this regulation on magnetism is mainly attrib-
uted to the modulation of charge transfer from the intermediate metal K
to [CoSe] host layers. Our results not only offer a reliable route to
regulate the structure and electromagnetic properties of ATM,X, ma-
terials, but also address the important interplay between the charge
transfer and magnetic interaction in ThCr,Si,-type materials.
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