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Physical properties of TI(Cu,_M,),Se, (M = Mn, Fe, Co, Ni, Ag) were investigated. a) TI(Cu,.,Mn,),Se, showed the
single phase region with ThCr,Si,-type structure in the composition range of x < 0.40. All samples showed metallic
conduction and ferromagnetism (Curie temperature 7, = ~ 100 K). b) TI(Cu,.,Fe,),Se, (0 <x < 1) samples showed ba-
sically the ThCr,Si,-type structure. A new phase with modified ThCr,Si,-type structure was found in the sample of x
= 0.05. Metallic conduction was observed in the samples of x < 0.20, and semiconductive conduction for x > 0.30.
Seebeck measurements of these samples revealed that the dominant carriers are holes for x < 0.27, and are electrons
for x > 0.29. Samples of x < 0.20 showed Curie temperature T, at ~ 80 K. ¢) TI(Cu,.,Co,),Se, (0 <x < 1) samples were
found to have basically the ThCr,Si,-type structure. New phases having modified ThCr,Si,-type structure were
found at x = ~ 0.30, ~0.60, and ~0.90. All samples showed metallic conductivity. Curie temperature T, was observed at
~20 K for x = 0.40-0.50, and at ~100 K for x > 0.60. d) TI(Cu,..Ni,),Se, was stable in the range x < 0.10. All samples
showed metallic conduction and diamagnetic behavior. e) TI(Cu, ,Ag,),Se, was stable in the range x < 0.10, and
showed quite low resistivity (o= ~2X 10"’ Q.cm) below ~10 K. All the present compounds showed no superconduc-
tivity above 2K.

Keywords: TICu,Se,; TI(Cuy,M,),Se, (M = Mn, Fe, Co, Ni, Ag); 3d transition elements; layered copper selenide;
ThCr,Si,-type structure; X-ray diffraction; electrical resistivity; metallic conductivity; semiconductor; magnetic susceptibil-

ity; ferromagnetism; Curie temperature; Seebeck effect; thermoelectric power factor; electron conduction; hole conduction.

1. Introduction des such as A4ACu;,S; (4 = TI, K, Rb)“’m, a-,

Ternary copper chalcogenides show a large variety
of electrical properties from metallic to semiconduc-
tive nature. Folmer and Jellinek found in XPS meas-
urements that the formal oxidation state of copper in
most of copper chalcogenides is +1". These observa-
tions well explain that ternary copper chalcogenides
such as KCu;S,?, KCuS?, and BaCu,S,*¥ have the
semiconductive nature due to the filled bands of 3d"
state of Cu”, and those such as TICu,X, (X = S, Se,
Te)* and TICu,Se;'” show the metallic nature ow-
ing to the hole donation to the energy bands for the
charge compensation. The metallic nature was also
observed in Cu-deficient ternary copper chalcogeni-

B-BaCuy,S;">', TICu;.,S," and BaCu,.S,", which
are essentially semiconductive in the stoichiometric
compositions.

The schematic crystal structure of TICu,Se, is
shown in Fig. 1. The compound adopts ThCr,Si,-type
structure (//4mmm; Z = 2) with Cu,Se, layers sepa-
rated by Tl sheets”®. Each Cu,Se, layer is made of
edge-sharing CuSe, tetrahedra to form anti-PbO type
structure. Brun et al. found that TICu,X, (X = Se, Te)
shows the metallic behavior with quite low resistivi-
ty: p=8X10°Q-cmand 6.5 X 10 Q-cm at 77 K for
TICu,Se, and TICu,Te,, respectivelyg). They
claimed that the conductivity is caused by the
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mixed-valence state of TI" and TI*". Berger and Van
Bruggen® observed that TICu,Se, is a p-type metal
with a Fermi energy of 1.3 eV, and that there is one
hole per formula unit in the valence band; the formal
valence situation is considered to be TI'(Cu")y(Se,)*".

Figure 1. Schematic crystal structure of TICu,Se,
(ThCr,Si,-type structure: I/4mmm, Z = 2). The structure

consists of Cu,Se;, layers separated by Tl sheets.

We have investigated previously the electrical
properties of TICu, X, (X = Se, Te) and
(T1,.,.Ba,)Cu,Se, in more detail'®. We found that the
sintered pellets of TICu,Se, shows quite small value
of the resistivity p at low temperatures (o= 2X10""
Q- cm at 2K) in spite of the existence of a large
number of grain boundaries, impurities, lattice de-
fects, etc. Hall measurements for these compounds
showed that the conduction is carried out by the ma-
jority of holes, which are produced for the charge
compensation, and by a small number of electrons.

It was reported that T1(Cu,.,Fe,),Se, (0 <x < 0.50)
samples show the p-type metallic conductivity for 0 <
x < 0.25, and the semiconductive behavior between x
= 0.25 and 0.50'". Furthermore, the ferromagnetic
ordering was observed in these compounds at 50-80
K. These observations presented some questions, i.e.
how the physical properties of TICu,Se, will be
changed by the substitution of the other 3d transition
elements for copper, at what composition of Fe the
ferromagnetism will appear, etc. In the present work
we investigated the electrical and magnetic properties
of TI(Cu,.,M,),Se, (M = Mn, Fe, Co, Ni, Ag).

2. Experiments

TI(Cuy.M,),Se, (M = Mn, Fe, Co, Ni, Ag) samples
were prepared as follows. The elemental mixtures
with desired ratios were sealed in silica tubes in vac-
uo, and were heated at 773 K for 7 days. Reacted
samples were annealed at 523 K for 7 days after pal-
letization, and then were slowly cooled to room tem-
perature. The starting elements were: Tl (Katayama
Chemicals, 99.99% in purity), Cu (Wako Pure
Chemical Ind., 99.9% in purity), Mn (Wako Pure
Chemical Ind., practical grade), Fe (Wako Pure
Chemical Ind., 99.9% in purity), Co (Rare metallic
Co., Ltd, 99.99% in purity), Ni (Wako Pure Chemical
Ind., 99.9% in purity), Ag (Wako Pure Chemical Ind.,
99.9% in purity) and Se (Wako Pure Chemical Ind.,
99.999% in purity). Elemental Tl was treated in a dry
box to avoid the oxidation.

The obtained samples were analyzed by an X-ray
diffraction (XRD) method with monochromatic
CuK e radiation using a RIGAKU RINT-2500. Elec-
trical resistivity p measurements were made on sin-
tered pellets by ordinary dc four probe method from
2.0 to 300 K. Seebeck (S) measurements were per-
formed in the temperature range of 120-300K using
Cu leads by keeping a temperature gradient of ~3 K.
Magnetic susceptibility y and magnetization meas-
urements were carried out by using a SQUID mag-
netometer (Quantum Design: MPMS XL5) from 4K
to room temperature (to 700 K for some samples).

3. Results and discussion
3.1. TI(Cu,.,Mn,),Se, system

T1(Cu;.Mn,),Se, samples were found to have the
ThCr,Si,-type structure in XRD measurements. Fig-
ure 2 gives x dependences of lattice parameters of
TI(Cu,.,Mn,),Se,. In the composition range of 0 < x <
0.40 the curves obey a Vegard’s law, indicating Mn
atoms are substituted for Cu atoms in this composi-
tion range. XRD patterns showed that the samples of
x 2 0.50 contain a small amount of MnSe.

Figure 3 shows temperature variations of electrical
resistivity p of TI(Cu,,Mn,),Se,. All samples show
the metallic behavior. The values of p increase as x
increases. The values of Seebeck coefficients S of all
samples were about —5 uVK™ at 110 K, and almost
linearly increase with temperature up to about +5
uVK™ at 300 K, suggesting that these compounds are
typical metals with mixed conduction.
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Figure 2. Lattice parameters of Tl(Cu;.,Mn,),Se, as a func-
tion of Mn composition x.
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Figure 3. Temperature variations of electrical resistivity o
of TI(Cu;_Mn,),Se, (0.05 < x < 0.40).
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Figure 4. Temperature dependences of inverse magnetic
susceptibility 1/(y —yo) of TI(Cu;.Mn,),Se, .

Figure 4 shows temperature variations of inverse
magnetic susceptibility of Tl(Cu,.,Mn,),Se,. Above ~
100 K, magnetic susceptibility yof all samples
obeyed a Curie-Weiss law y = y, + C/T - ), where
%.C and @ are a temperature-independent term of y,
a Curie constant, and a Weiss constant, respectively.

Obtained magnetic parameters of these samples are
listed in Table 1. The ferromagnetic transition was
observed for all samples at ~ 100 K, which is con-
sistent with the positive values of Weiss constant 6.
In magnetization measurements all samples showed
the paramagnetic behaviors at 298 K. The Curie
temperature is scarcely varied with x. Although there
is no peak of MnSe in XRD patterns, the samples of
0.05 < x < 0.40 may contain MnSe. This selenide is
known to be an antiferromagnet'®. Ferromagnetism,
thus, would be intrinsic nature to these compounds.
The values of P. (effective Bohr magneton) were
calculated assuming that only Mn ions carry magnet-
ic moments, because Cu’ ions are in 3d'’ state. The
total spin angular momentum S was calculated from
the values of P..

Table 1. Magnetic parameters of TI(Cu; Mn,),Se,. Pey is
effective Bohr magneton. d is Weiss temperature. S is total
spin angular momentum.

composition x yo(emu/g) Peff(ug) 6(K) S  Curie temp.
0.05 344x10°  3.67 723 140 106K
0.10 1.02x107 3.75 84.8 144 103K
0.15 1.36x107 430 943 17 106K
0.20 450x107 3.9 96.6 154 109K
0.25 2.69x10°° 2.62 685 0.9 109K
0.30 3.81x10° 2.05 645  0.64 106K
0.40 6.60x10° 1.59 644 0.4 104K

In the ThCr,Si,-type structure the metal (M) atoms
at Cr sites are tetrahedrally coordinated by Se atoms.
In such a situation the energy level of t,, of M is
higher than e,. Based on the observed values of S,
ionic states of Mn in the high spin state were esti-
mated to be Mn*' for 0.05 < x < 0.20, Mn®" for x =
0.25 and Mn®" for x = 0.30 and 0.40. In these cases,
however, a quite large amount of negative charge is
needed to compensate the excess positive charge.

In the case of low spin state, the valence of Mn is
assumed to be 0 for 0.05 < x < 0.20, +1 for x = 0.25
and +2 for x = 0.30 and 0.40. These values are much
acceptable from the view point of charge neutrality.
But, it is suspicious that the valence of Mn is 0 for
0.05 <x <0.20. It is not clear which spin state is re-
alized in this system.

3.2. TI(Cu,..Fe,),Se, system
Figure 5 shows XRD patterns of TI(Cu,Fe,),Se,
(0 < x < 1). All obtained samples showed the
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ThCr,Si,-type structure. The observed lattice pa-
rameters of TICu,Se, and TIFe,Se, were both well
compatible with those in the earlier reports”®.
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Figure 5. XRD patterns of TI(Cu,_Fe,),Se, (0 <x < 1).
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Figure 6. Lattice parameters of T1(Cu;_Fe,),Se, (0 <x<1)
as a function of x.

Figure 6 shows the Ilattice parameters of
TI(Cu,.,Fe,),Se, (0 <x < 1) as a function of x. In spite
of that TICu,Se, and TIFe,Se, have the same crystal
structure to each other, the lattice parameters do not
obey a Vegard’s rule, exhibiting a maximum in the a
parameter and a minimum in the ¢ parameter at x =
0.26. Berger and Van Bruggen observed similar sharp
bends in the lattice parameters at x = 0.25'7. It was
reported that TICu, sFeq sSe, [TI(Cug75Feg25),Se,] is a
new mineral (bukovite) with the ThCr,Si,-type

19,20)

structure . The lattice constants of the present

samples of x = 0.25-0.30 are well consistent with the
values of the bukovite'”>”. There would be a lattice
ordering or a charge ordering in this mineral. It
should be noted that in the composition of x = 0.25
all iron atoms would have the oxidation state of Fe*",
with the copper atoms being in the state of Cu’. This
figure suggests the existence of another phase at x =
0.05. There is no report on this phase. An atomic or-
dered structure would exist at this composition. In
addition, another new phase may exist at x =
0.60-0.70, although uncertain.
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Figure 7. Temperature variations of electrical resistivity p
of TI(Cu,_Fe,),Se; (0 <x < 1).
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Figure 8. Temperature variations of electrical resistivity p
of TI(Cu,.Fe,),Se, (0 <x <0.10).

Figure 7 shows temperature variations of logp of
TI(Cu,.,Fe,),Se, (0 < x < 1). In the range of x < 0.20
the samples show the metallic conduction; the resis-
tivity increases with increasing x. This tendency can
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be explained by that the substituted Fe has the higher
valence state than Cu, resulting in the decrease of the
hole number. In the range of x > 0.30, samples
showed semiconductive conduction. The resistivity
decreases with increasing x, which may be due to the
contraction of a axis, because the conduction is
mainly carried out in the a-b planes. The energy gap
Eg also decreases with increasing x: e.g. Eg = 0.09
eV and 0.03 eV for x = 0.30 and 1.0, respectively.
These values are somewhat smaller than those of ear-
lier reports® '”. As shown in Fig. 8, p—T curves for x
=0.10 and 0.20 showed sharp drops at ~70 and ~80
K, respectively. Open circles and closed circles indi-
cate the results obtained in the cooling run and sub-
sequent heating run, respectively. The hysteresis was
observed in the sample of x = 0.20. These anomalies
are attributed to ferromagnetic ordering, that will be
described below.

Figure 9 gives (p — p) as a function of 7° for the
samples of TI(Cu,.,Fe,),Se, (x = 0, 0.02, and 0.05),
where py is residual resistivity. The values of (p — py)
show a linear dependence to 7° below about 25 K for
all samples. The coefficients of gradient are estimat-
ed to be, 1.41x10° Q- cm-K?, 221x10° Q- cm -
K7 and 3.31x10°Q - cm- K for x = 0, 0.02, and
0.05, respectively. These values are much larger than
those of ferromagnetic metals of Fe and Ni metals
(~1.0 x10™"' Q- cm - K™, suggesting the existence of
strong electron correlation in these compounds.
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Figure 9. The resistivity (p — pp) as a function of 7° of
TI(Cu,;Fey),Se,, where py is residual resistivity.

Figure 10 shows temperature variations of Seebeck
coefficients S of TI(Cu,Fe,),Se,. The values of S
were positive for the samples x < 0.27, and negative
for x > 0.29, showing that the dominant carriers are

holes for the former samples and electrons for the
latter samples. These results are consistent with the
observations of the change of physical properties near
x = 0.25-0.30 mentioned above, suggesting the exist-
ence of bukovite at this composition.
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Figure 10. Temperature variations of Seebeck coefficients S
of TI(Cuy_Fe ),Se, (0<x<1).
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Figure 11. Temperature variations of thermoelectric power
factor (S%/p) of TI(Cu;Fe,),Se, (0 <x < 1).

Figure 11 exhibits temperature variations of ther-
moelectric power factor (S%/p) of TI(Cu,.Fe,),Se, (0
<x £ 1). The values of power factor increase with in-
creasing temperature for each sample. Much larger
values of S are expected in the higher temperature
range above 300 K. Power factors observed at 273 K
are plotted in Fig. 12 as a function of x. Samples of
0.25 < x <0.28 and x =1.0 have relatively higher val-
ues of power factor (= ~ 10 WK”m™).
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Figure 12. Thermoelectric power factor of Tl(Cu,_Fe,),Se,
(0<x<1)observed at 273 K as a function of x.
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Figure 13. Temperature variations of the magnetic suscep-
tibility y of TI(Cu,_[Fe,),Se, measured under 1T.

Figure 13 shows temperature variations of the
magnetic susceptibility y of TI(Cu,.Fe,),Se, meas-
ured under 1T. Samples of 0.10 < x < 0.24 showed
the ferromagnetic transition. The Curie temperature
slightly increases with x from ca.70 K and ca.80 K
for x = 0.005 and 0.20, respectively. Above the Curie
temperature the values of y obeyed a Curie-Weiss
law y = yo + C/ (T - 6). Values of & were observed to
be positive, consistent with the observation of Curie
temperature. The observed effective Bohr magnetons
showed that the total spin angular momentum S for
one Fe ion is about 5/2. Since Cu” have no localized
moment, the observed magnetic moments originate
from the iron ions. These results suggest that the ion-
ic state of the substituted Fe is Fe’".

We found that the samples of x > 0.28 showed the
ferromagnetism in y measurements up to 500 K,
above which temperature samples showed a broad
maximum of y possibly due to an incongruent melt-
ing. Although no impurity phase was observed in the
XRD patterns, the coexistence of magnetic impurities
such as Fe;O, cannot be excluded.
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Figure 14. Temperature variations of y of the sample of
TI(Cug o6Fep 04)2Se, observed in cooling-heating runs under
0.02 T (FC), and measured on heating under 0.02T after
zero field cooling (ZFC). The inset is the enlarged figure
below 50 K.

It was reported that the magnetic interaction of
TI(Cu,_,Fe,),Se, in the composition of x < 0.25 can be
explained by the mictomagnetiasm consisting with a
RKKY (Ruderman-Kittel-Kasuya-Yoshida) interac-

tion and a superexchange interaction'”

. Figure 14
exhibits temperature variations of y of the sample of
x = 0.04 observed in cooling-heating runs under
0.02T, and measured on heating under 0.02T after
zero-field cooling. The temperature dependence of y
measured after field-cooling showed the Curie tem-
perature at ca.70K. On the other hand, the T curve
obtained by zero-field cooling showed a cusp at ca.
20K, which is characteristic of the spin glass®".
These results clearly show that two types of magnetic
interactions are coexisting in this sample: the long
range magnetic interaction and the spin glass. These
mictomagnetic behaviors are substantially same as
the mechanism mentioned above'”. The spin-glass
like behavior is usually observed in metallic com-
pounds with a small amount of magnetic impurities.

3.3. TI(Cu,.,Co,),Se, system

TICo,Se; has the ThCr,Si,-type structure’”. Figure
15 shows lattice parameters of TI(Cu;.Co,),Se, as a
function of x. The lattice parameters show somewhat
complicated dependence on x. Both @ and ¢ change
continuously with x in a range 0 < x < 0.3, indicating
that a new phase exists at x = 0.30. The figure sug-
gests the existence of another new phase at x = 0.60
and 0.90. These phases would have the modified
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ThCr,Si,-type structure. The notable is that the XRD
pattern of the sample of x = 0.50 showed the coexist-
ence of two phases having the ThCr,Si,-type struc-
ture with different lattice parameters; the difference
of parameters is more remarkable in a. These results
were quite reproducible. But, the origin is not clear.
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Figure 15. Lattice parameters of Tl(Cu,..Co,),Se, (0 < x <
1) as a function of x.

14 | TI(Cuy Co,),Se,

’E‘ 12
Yy 10
‘TG s
% 6
Q 4
2
° t
0 100 200 300
Temperature(K)

Figure 16. Temperature variations of electrical resistivity
p of TI(CuyCoy),Se, (0 <x<1).

Figure 16 exhibits temperature variations of p of
TI(Cu,.,Co,),Se; (0 < x < 1). All samples show metal-
lic behavior. The resistivity increases with x up to
0.40, and shows the decreasing tendency from x = 0.5
to 0.6. The resistivity increases again at x = 0.7, and
then decreases with x up to x = 1.0. The curves are
concave upward in the samples of 0.60 < x < 0.90,
which may correspond to the ferromagnetic ordering.

Figure 17 shows temperature variations of mag-
netic susceptibility y of TI(Cu;.,Co,),Se, from 4 to
300 K. Ferromagnetic transition was observed in the
samples of x > 0.40. Figure 18 shows the enlarged
figures of y of Tl(Cu,_Co,),Se, samples for 0.10 < x
<0.60.

6 -
s 5"\‘_ x=0.60
T,
Eﬂ 4 ; . Tl(cul_xCOX)ZSCZ
S ) -
§ 3 [, x=0.70 .°_
=l .
C 2 3 *=1.00
= s
1 L A .

o 100 200 300
Temperature(K)

Figure 17. Temperature variations of magnetic susceptibil-
ity y of TI(Cu;Co,),Se, (0 < x < 1) measured under 1T.
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Figure 18. Temperature variations of y of Tl(Cu,.Co,),Se,
(0.10 £ x £0.60) measured under 1 T.
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Figure 19. Magnetization curves of TI(Cu;_Co,),Se, (0.10

<x < 1) measured at 90 K.

Figure 19 gives magnetization curves of the samples
of 0.10 < x < 1.0 measured at 90 K. The samples of x
> 0.60 show small magnetic hysteresis curves, indi-
cating that the samples are ferromagnetic at this tem-
perature. The samples of x < 0.50 show the paramag-
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netic behaviors.

Above the Curie temperature magnetic susceptibil-
ity obeyed Curie-Weiss law, y = yo + C/T - 0). Cal-
culated magnetic parameters of TI(Cu,.,Co,),Se, are
listed in Table II. The values of Weiss constant £ are
negative for x < 0.30 and positive for 0.40 < x < 1,
indicating that the magnetic exchange interaction is
antiferromagnetic and ferromagnetic for the former
and the latter, respectively. The positive values of &
for 0.40 < x < 1 are well consistent with the observa-
tion of ferromagnetic transition. The ferromagnetism
would be intrinsic to these compounds, because the
possibly coexisting impurity phase of CoSe, is a
paramagnet™.

Table II. Magnetic parameters of TI(Cu,.,Co,),Se;. Peg is
effective Bohr magneton. € is Weiss temperature. S is total
spin angular momentum,

composition x yo(emu/g) Peff(ug) 0(K) S Curie temp.

0.05 2.65x10° 2.46 238 0.83
0.10 1.42x107 0.98 -41.7 020
0.20 8.75x107 1.90 -37.8 058
0.30 1.18x10° 0.84 248 015
0.40 9.59x107 1.64 1.88  0.16 2K
0.50 1.07x10° 1.83 200 054 25K
0.60 5.16x10™ 1.61 81.7 045 100K
0.70 3.23x10° 1.65 81.8 0.6 94K
0.80 6.69x10°° 1.41 869 037 94K
0.90 7.50x10™* 1.87 60.4  0.56 97K
1.00 1.54x10°° 1.60 77.0 0.44 112K
3.4. TICo,.,Se, system

T1Co,.,Se; (0 <x <0.10) showed the ThCr,Si,-type
structure. Lattice parameters were observed to be a =
0.3844 nm and ¢ = 1.359 nm for x = 0, well con-
sistent with the reference values’”. The lattice pa-
rameters were scarcely changed with x.

Figure 20 shows temperature variations of electri-
cal resistivity p of TlCo,.,Se, (x = 0 and 0.10). Both
samples show the metallic behavior. The thermal
hysteresis was observed above about 70 K for both
samples, suggesting the existence of first order phase
transition.

Figure 21 shows temperature variations of mag-
netic susceptibility y for TlCo,.,Se, (0 < x < 0.10).
The values of y tend to decrease with increasing x.
All samples show a cusp near 100 K, suggesting an-
tiferromagnetic ordering. The transition temperature
was 100 K and 80 K for x = 0 and 0.10, respectively.
These anomalies are consistent with temperature de-

pendences of p in Fig. 20. No thermal hysteresis was
observed above the transition in y measurements.
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0 100 200 300
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Figure 20. Temperature variations of pof TICo,.,Se,.
Measurements were done on cooling (open circles), and

subsequently on heating from 2 K (closed circles).
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Figure 21. Temperature dependences of y for TICo,_Se, (0
<x <0.10) measured under 1 T.
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Figure 22. Magnetization curves of TlCo,,Se, (0 < x <
0.10) measured at 4 K.

Figure 22 gives the magnetization curves of
T1Co,.,Se; (0 < x < 0.10) measured at 4 K. Samples
of x = 0 and 0.07 show the ferromagnetic field de-
pendences, while sample of x = 0.10 shows para-
magnetic (or antiferromagnetic) behavior. Ferromag-
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netism was also observed for the samples of x = 0,
0.07 at 273 K, suggesting the existence of some fer-
romagnetic impurity (-ies).

3.5. TI(Cu,..Ni,),Se, system

XRD measurements revealed that Ni can be sub-
stituted for Cu up to x = 0.10 of TI(Cu;.,Ni,),Se,.
The parameter a slightly increased with increasing x
from 0.3860 nm to 0.3862 nm for x = 0 and 0.10, re-
spectively. The parameter c slightly decreased with
increasing x from 1.405 nm to 1.401 nm for x = 0 and
0.10, respectively. Consequently, the ratio of c/a
decreased with increasing x.
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Figure 23. Temperature variations of the resistivity p of
TI(Cu;Ni,),Se, (0 <x £0.10).
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Figure 24. Temperature variations of y of Tl(Cu,_Ni,),Se,
(x=0.02, 0.05) measured under 1 T.

Figure 23 shows the temperature variations of
electrical resistivity p of TI(Cu;.,Ni,),Se, (0 < x <
0.10). All samples showed the metallic behavior,
with the values of p increasing as x increases. Fig-

ure 24 shows the magnetic susceptibility of
TI(Cu,Ni,),Se; (x = 0.02, 0.05) as a function of
temperature. The samples show diamagnetism with a
little amount of paramagnetic moments. These be-
haviors are consistent with the reported results of the
Pauli paramagnetic nature of TINi,Se,”".

3.6. TI(Cuy..Ag,),Se, system

XRD patterns for TI(Cu;.,Ag,),Se; (0 < x < 0.10)
system showed a small amount of impurity phase of
TICuSe,. We consider, however, that Ag atoms are
substituted for Cu atoms, because we notice no silver
selenides in these samples. The lattice parameters of
both a and c slightly contracted with increasing x.

x=0.10

Tl(Cul_ Agx)ZSez

o

0 (10°Q -cm)

0 100 200 300

Temperature (K)

Figure 25. Temperature variations of the electrical resistiv-
ity p of TI(Cu;_Ag,),Se; (0 < x <0.10).
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Figure 26. Temperature variations of p of TI(Cu,_Ag,),Se,
(0 £x<0.10) below 30 K.

Figure 25 shows temperature variations of p of
TI(Cu,.,Ag,).Se; (0 < x < 0.10). The values of p
slightly increased with increasing x. As mentioned
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before, TICu,Se, shows a quite small resistivity at
low temperatures®. It is interesting that the values of
p of the Ag-substituted samples are much smaller
than that of TICu,Se, below about 30 K as shown in
Fig. 26. This is quite unusual, because the substituted
Ag atoms would act as a scattering factor causing the
increase of p. Magnetic susceptibility for these com-
pounds showed diamagnetism with a minority of
paramagnetism.

4. Summary

T1(Cu,,Mn,),Se, was found to have ThCr,Si,-type
structure in the range x < 0.40. TI(Cu,_M,),Se, (M =
Fe and Co) showed basically ThCr,Si,-type structure
in the range of 0 < x < 1. A new phase with possible
modified ThCr,Si,-type structure was found in
TI(Cu;Fe ),Se, with x = 0.05. TI(Cu;Coy),Se,
showed new phases having possibly modified
ThCr,Si,-type structure in the compositions of x =
0.30, 0.60, and 0.90. Ni and Ag were both substituted
for Cu up to x = 0.10. Samples of TI(Cu,.,Mn,),Se,
were metallic and ferromagnetic. Curie temperature
T, is ca. 100 K. TI(Cu,.,Fe,),Se, showed metallic
conduction for x < 0.20 and semiconductive conduc-
tion for x > 0.30. All samples of this series showed
ferromagnetism. TI(Cu,.,Co,),Se, showed metallic
conductivity. Sample of x > 0.40 showed ferromag-
netism: 7, = ~ 20 K for x = 0.40 and 0.50, and 7, = ~
100 K for x > 0.60. (Cuy,Ni,),Se, samples showed
metallic and diamagnetic behaviors. (Cu;.,Ag,),Se,
samples were diamagnetic metals.

KFe,Se, with ThCr,Si, structure was reported to be
a new superconductor”. The FeSe layers are respon-
sible for the high 7, (=30 K). Present compounds,
however, showed no superconductivity above 2 K.

This paper was prepared based on the master's
theses for graduate school submitted by T. Morinaga
(2007), S. Namba (2009), and S. Nakai (2010).
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