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We have synthesized single crystals of K oo(3)Feq.s5(2)A81.15(2) Te2.0¢1)- The materials crystallizes
in the ThCr2Siz structure with 14/mmm symmetry and without K and Fe/Ag deficiencies, unlike in
KiFea_ySes and K Fea_yS2. Transport, magnetic, and heat capacity measurements indicate that
KFeo.s5Agi.15Tes is a semiconductor with long-range antiferromagnetic transition at T = 35 K.

PACS numbers: 74.70.Xa, 74.10.4+v, 75.50.Ee, 81.05.Zx

The discovery of superconductivity in LaFeAsQ; _,F,*
has stimulated substantial interest in iron based high
temperature superconductors (Fe-HTS). Until now, sev-
eral Fe-HTS were discovered. They can be divided into
two classes. The first class are iron pnictide materials.! =4
They contain two dimensional FePn (Pn = pnictogens)
tetrahedron layers and atomic sheets or complex blocks
along the ¢ axis. Another class are binary iron chalco-
genides FeCh (Ch = chalcogens, FeCh-11 type).”~7 In
contrast to the diversity of iron pnictide superconduc-
tors, FeCh-11 type materials do not have any atomic or
complex layers between puckered FeCh sheets.

Very recently, the discovery of A Fes_,Ses (A = K,
Rb, Cs and T1, FeCh-122 type) with T, ~ 30 K raised
T. in Fe-HTS by introducing alkali metal atomic layers
between FeCh sheets.®~'2 Further studies indicate that
in the new superconductors the 7, gets enhanced when
compared to FeCh-11 materials, but there is also a set
of distinctive physical properties. A,Fes_,Se; materials
are close to the metal-semiconducting crossover and an-
tiferromagnetic (AFM) order.®~'2 This is in contrast to
other superconductors which are in close proximity to the
spin density wave state.!®'14 Fermi surface in FeCh-122
type Fe-HTS contains only electron like sheets without
nesting features found in most other Fe-HTS.!5:16

On the other hand, superconductivity in FeCh-11 ma-
terials is quite robust with respect to anion change
as seen on the example of FeSe;_,, FeTe;_,Se, and
FeTe;_,S..>~7 However, in FeCh-122 compounds, su-
perconductivity is only observed in A Fes_,Ses or
A, Fes_,Ses—.S,,'7 while pure K,Fes_,Ss is a semicon-
ductor with spin glass transition at low temperature.!®
Moreover, the theoretical calculation indicates that the
hypothetical KFesTes, if synthesized, would have high-
er T, than K Fes_,Ses.!? Therefore, synthesis and ex-
amination of physical properties of FeCh-122 materials
containing FeTe layers could be very instructive.

In this  work, we  report  discovery  of
KI.OO(?))FeO.85(2)Ag1.15(2)T62.0(1) single Crystals. The
resistivity and magnetic measurements indicate that
this compound has the semiconducting long range
antiferromagnetic (AFM) order at low temperature with
no superconductivity down to 1.9 K.

Single crystals of K(Fe,Ag)sTey were grown by self-
flux method reported elsewhere in detail'®2° with nom-

inal composition K:Fe:Ag:Te = 1:1:1:2. Single crystals
with typical size 5x5x2 mm?® can be grown. Powder
X-ray diffraction (XRD) data were collected at 300 K
using 0.3184 A wavelength radiation (38.94 keV) at X7B
beamline of the National Synchrotron Light Source. The
average stoichiometry was determined by examination
of multiple points using an energy-dispersive x-ray spec-
troscopy (EDX) in a JEOL JSM-6500 scanning electron
microscope. Electrical transport measurements were per-
formed using a four-probe configuration on rectangular
shaped polished single crystals with current flowing in
the ab-plane of tetragonal structure. Thin Pt wires were
attached to electrical contacts made of silver paste. Elec-
trical transport, heat capacity, and magnetization mea-
surements were carried out in Quantum Design PPMS-9
and MPMS-XL5.

Figure 1(a) shows powder XRD result and structural
refinements of K(Fe,Ag)sTes using General Structure
Analysis System (GSAS).2522 Tt can be seen that all re-
flections can be indexed in the I4/mmm space group.
The refined structure parameters are listed in Table 1.
The determined lattice parameters are a = 4.3707(9)
A and ¢ = 14.9540(8) A, which are reasonably small-
er than those of CsFe,Agy_,Tey (a = 4.5058(4) A and
¢ = 15.4587(8) A),?> but much larger than those of
K.Fey_,Ses and Kerg,ySQ,S’ls due to smaller ionic size
of KT than Cs™ and larger size of Agt and Te?~ than
Fe?T and Se?~(S?7). On the other hand, smaller a-axis
lattice parameter indicates that the Fe plane is stretched
in K(Fe,Ag)sTey when compared to FeTe.?* The crystal
structure of K(Fe,Ag)2Tes is shown in Fig. 1(b), where
antifluorite-type Fe/Ag-Te layers and K cation layers are
stacked alternatively along the c axis. XRD pattern
of a single crystal (Fig. 1(c)) reveals that the crystal
surface is normal to the ¢ axis with the plate-shaped
surface parallel to the ab-plane. Fig. 1(d) presents
the EDX spectrum of a single crystal, which confirm-
s the presence of the K, Fe, Ag, and Te. The average
atomic ratios determined from EDX are K:Fe:Ag:Te =
1.00(3):0.85(2):1.15(2):2.0(1). The value of Fe/(Ag+Fe)
determined from XRD fitting (0.38) is close to that ob-
tained from EDX (0.43). It suggests that Te compound
prefers to contain more Ag. This might explain why pure
KFeyTey can not form since large Ag™ ions have to be
introduced in order to match the rather large Te?~ an-
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FIG. 1. (a) Powder XRD patterns of Ki.g0Feo.s5Ag1.15Tez2.0.
(b) Crystal structure of K1.00Feo.s5Ag1.15Te2.0. The big blue,
small red and medium orange balls represent K, Fe/Ag, and
Te ions. (c) Single crystal XRD of K1.00Feo.s5Ag1.15Tez2.0. (d)
The EDX spectrum of a single crystal.

TABLE I. Structural parameters for K(Fe,Ag), Tes at room
temperature. Values in brackets give the number of equivalent
distances or angles of each type.

Chemical Formula KI.OO(B)F60.85(2) Ag1A15(2)T62A0(1)

Space Group 14/mmm
a (A) 4.3707(9)
c (A) 14.9540(8)

Vv (A3) 285.7(1)
Interatomic Distances (A) Bond Angles (°)
drejag—re/ag [4] 3.0906(4) Te-Fe/Ag-Te [2]  104.44(3)
dre/ag—te/aq [4] 2.7651(5) Te-Fe/Ag-Te [4]  112.05(4)

Anion Heights (A) 1.694(7)

Atom X y z Occ Uiso (AQ)
K 0 0 0 1.00(1) 0.056(5)
Fe 0.5 0 025 0.76(8)  0.035(7)
Ag 0.5 0 025 1.24(8)  0.035(7)
Te 0.5 0.5  0.1367(5) 1.0(1)  0.034(4)

ions and keep the stability of the structure. On the other
hand, it should be noted that there are no K or Fe/Ag d-
eficiencies in K(Fe,Ag)oTeq. This is rather different from
K,Fes_ySep and K$Feg,y82.8’18 Moreover, synchrotron
powder X-ray refinement and EDX were consistent with
either stoichiometric Te or not more than 5% vacancies
(i.e., Ter g)

Figure 2 shows the temperature dependence of the
in-plane resistivity pq,(T) of the KFegg5Agr.15Tes sin-
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FIG. 2. Temperature dependence of the in-plane resistivity
pab(T) of the KFep.s5Agi.15Te2 single crystal with H = 0
(closed red circle) and 90 kOe (open blue square, H||c). Inset
(a) shows the fitted result using thermal activation model for
pab(T) at zero field where the red line is the fitting curve.
Inset (b) exhibits the temperature dependence of MR(T) for
KFeo.s5Ag1.15Tez.

gle crystal for H = 0 and 90 kOe. The resistivity in-
creases with decreasing the temperature with a ”shoul-
der” appearing around 100 K. The room-temperature
value pgp is about 2.7 Q-cm, which is much larger
than in superconducting K;Fes_,Sep and semiconduct-
ing K, Fey_,,S5.'8:29 The semiconducting behavior might
be related to the random distribution of Fe and Ag ions in
the Fe/Ag plane which induces a random scattering po-
tential, similar to the effect of Fe deficiency in the FeSe or
FeS plane.26:1® By fitting the p,(T) at high temperature
using an thermal activation model p = pg exp(E,/kgT),
where pg is a prefactor and kp is Boltzmann’s constan-
t (inset (a) of Fig. 2), we obtained py = 71(6) mQ-cm
and the activation energy F, = 96(2) meV in the tem-
perature range above 200 K, which is larger than that
of KmFeg,ySQ.ls KFeq g5A¢g1.15Tes exhibits large magne-
toresistance (MR = [p(H) — p(0)]/p(0)) below about 100
K where the shoulder appears. As shown in the inset (b)
of Fig. 2, the MR is about 30% at 1.9 K for H = 90 kOe.
This behavior is distinctively different from K, Fes_,Sa,
which does not show any MR in measured temperature
range.!8

Figure 3(a) presents the temperature dependence of
magnetic susceptibility x(7") of the KFeg g5Ag1.15Tes s-
ingle crystal for H = 1 kOe along the ab plane and the ¢
axis below 300 K with zero-field-cooling (ZFC) and field-
cooling (FC). The x4 (T) is slightly larger than x.(T)
and above 50 K, both can be fitted very well using Curie-
Weiss law x(T') = xo+C/(T —0), where X includes core
diamagnetism, van Vleck and Pauli paramagnetism, C'
is Curie constant and € is the Curie-Weiss temperature
(solid lines in Fig. 3(a)). The fitted parameters are xo
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FIG. 3. (a) Temperature dependence of DC magnetic suscep-
tibility x(T) with the applied field H = 1 kOe along ab plane
and c axis below 300 K under ZFC and FC mode. The inset
shows d(xT')/dT result for both field directions. (b) Isother-
mal magnetization hysteresis loops M(H) for H|lab and Hj|c
at various temperatures.

= 5.46(7)x107% emu g=! Oe™!, C = 2.58(3)x1073 e-
mu g~! Oe~! K, and § = -82(1) K for H|jab and xo =
3.5(1)x107% emu g~ Oe™!, C =2.92(5)x1073 emu g~ !
Oe ! K, and § = -100(2) K for H|lc. The above val-
ues of C correspond to an effective moment of perr =
3.60(2) pp/Fe and 3.83(3) up/Fe for H||ab and Hi|c, re-
spectively. The values of pcrs are smaller than for free
Fe?* ions (4.7 up/Fe) and Fey, . Te (4.9 ug/Fe),?” but
slightly larger than in K Fes_,Ses (3.31 up/Fe).?

We observe sharp drops below 35 K in both ZFC and
FC curves, associated with the onset of long-range AFM
order. The Ty = 35 K is determined from the peak of
d(xT)/dT (inset of Fig. 3(a)).2? It should be noted that
antiferromagnetism below 35 K and Curie-Weiss para-
magnetism at higher temperature are obviously different
from K Fes_,Ses and KxFCQ_ySQ.l’Y Fig. 3 (b) shows the
magnetization loops for both field directions at various
temperatures. It can be seen that all M-H loops exhibit
almost linear field dependence and M(H) curve exhibits
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FIG. 4. Temperature dependence of heat capacity for

KFe.s5Ag1.15Tez single crystal. The orange solid line rep-
resents the classical value according to Dulong-Petit law at
high temperature. The inset shows the enlarged area near
magnetic transition region of C, — T. The red solid curve
represents the lattice contribution, fitted by a polynomial.
The right label denotes the magnetic entropy associated with
the AFM transition.

a very small hysteresis at 1.8 K with the small coercive
field (~ 260 Oe).

Figure 4 shows the temperature dependence of heat ca-
pacity C) for KFe g5Ag1.15Tes single crystals measured
between T = 1.95 and 300 K in a zero magnetic field. At
high temperature heat capacity approaches the Dulong-
Petit value of 3NR, where N is the atomic number in the
chemical formula (N = 5) and R is the gas constant (R =
8.314 J mol=! K~1). On the other hand, at the low tem-
perature Cp,(T') curve can be fitted solely by a cubic ter-
m BT3. By neglecting antiferromagnon contribution,°
from the fitted value of 8 = 3.11(2) mJ mol~! K=%, the
Debye temperature is estimated to be Op = 146.2(3) K
using the formula ©p = (127*NR/58)'/3. This is much
smaller than ©p of K Fes_,Ses and K,Fes_,So at least
partially because of larger atomic mass of Ag and Te in
KFe) g5Agy.15Tey. 18

A A-type anomaly at Ty = 35.6 K (shown in the in-
set of Fig. 4) confirms the bulk nature of the AFM or-
der observed in the magnetization measurement shown
in Fig. 3. The transition temperature is consistent with
the values determined from d(xT)/dT (35 K). Assum-
ing that the total heat capacity consists of phonon (Cpp)
and magnetic (C),qy) components, the Cy,q4 can be es-
timated by the subtraction of Cp;. Consequently, the
magnetic entropy (Smag) can be calculated using the in-

T
tegral Syag(T) = [ Cinag/TdT. Because of the failure of

Debye model at TO > Op, we estimated the lattice spe-
cific heat by fitting a polynomial to the C,(T') curve at
temperatures well away from T. The obtained Sy.qq is
about 2.4 J (mol Fe)~! K~! up to 60 K, which is only
18% of theoretical value (RIn5 = 13.4 J (mol Fe)~! K~}



for high spin state Fe?" ions). Note that only about 1
J (mol Fe)~! K~! is released below T. This discrep-
ancy may originate from an incorrect estimation of the
lattice contribution to Cpp(T") which can lead to reduced
Smag(T) or a probable short-range order that may exist
above the bulk three-dimensional AFM order occurring
at T. This could also be supported by a much smaller
Tn = 35 K compared to the Curie-Weiss temperature 6
=-100(2) K for HJ|c.

For KFepg5Ag1.15Tes, the emergence of short- and
long-range AFM order could explain the large MR effect.
As shown in Fig. 2, the MR becomes obvious below about
100K and increase significantly below about 35 K. Both
temperatures are consistent with the Curie-Weiss tem-
perature 6 and Tl. This can be explained qualitative-
ly using the theory proposed by Yamada and Takada.??
Below antiferromangetic characteristic temperature (6 or
Ty), the external magnetic field can increase the spin
fluctuations, which could enhance the magnetic scatter-
ing and therefore result in the positive MR effect. This
is different from ferromagnetic materials, where the spin
fluctuation is suppressed in an external magnetic field
and will lead to negative MR effect. The large positive
MR effect for AFM materials below Ty has also been ob-
served in experiment.?® When compared to K,Fes_,Ses,
substitution of Ag have a important influence on the mag-
netic and transport properties. It could reduce the ex-
change interaction between Fe atoms and thus suppress
the Ty of KFeqg5Agy.15Tey significantly. On the oth-
er hand, because of the nearly absence of vacancies in
KFeCuS; and similar valence between Cu and Ag,3* it is
more meaningful to compare the physical properties be-

tween KFeCuSy and KFeq g5Agy 15Tes. The former has
the larger FE, and room-temperature resistivity than the
latter. This could be due to the smaller ionic sizes of
Cu and S when compared to Ag and Te, which might
lead to the smaller orbital overlap and increase F, and
resistivity. For magnetic properties, both of them exhibit
Curie-Weiss law above 50 K and the fitted Curie-Weiss
temperature are also similar (176 K for KFeCuSs). More-
over, KFeCuS, shows magnetic transition at 40 K, which
is very close to the Ty of KFegg5Agi.15Tes. However,
the transition of KFeCuSs is spin glass-like, in contrast
to the long-range AFM order of KFeq g5Agy.15Tes. This
implies that the distribution of Ag in KFeg g5Agi.15Tes
may be different from Cu in KFeCuSs which results in d-
ifferent magnetic ground state configuration with similar
interaction strength.

In summary, we successfully synthesized the
K1'00(3)F80'85(2)Ag1'15(2)T62'0(1) single Crystals with
ThCr,Sis structure, identical to Ko gFea—y,Ses at 600 K.
Structure and composition analysis indicate that there
are no K, Fe/Ag and Te vacancies within 3, 2, or 5
atomic %, respectively. Transport, magnetic, and ther-
mal measurements indicate that the KFeq g5sAgy.15Tes is
a semiconductor with long-rang AFM order below 35 K.
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