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The crystal structure of the new CuFelgTguaternary compound was studied by the Rietveld method from powder X-ray diffraction data.
The CuFelnTg compound crystallize in the tetragonal CuFelpTgpe structure with space groug® (N°112), and unit cell parameters a
=6.1842(1)A, ¢ = 12.4163(24, V = 474.85(1)A>. The density of CuFelnTes pz = 5.753 g cm™ 2. The reliability factors of the Rietveld
refinement results arB, = 5.5%, Rup = 6.1%, Rexp = 4.7%, andS = 1.3. The powder XRD data of CuFelnJare presented and the
figures of merit of indexation ar&/5, = 79.4 and F50 = 43.3 (0.0045, 154).
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1. Introduction substitution for both Cti and Ir*) have a lower thermal
conductivity than CulnTgand attainedT” = 0.69 at 737 K,

CulnTe, is a well-known semiconductor of the I-lll-Yifam-  \yhich is 1.65 times higher than thel’ value of Zn-free

ily, which crystallizes in a chalcopyrite structure, space groupcyinTe,.

I 2d (N°121), with unit cell parameters = 6.194(2) A

andc = 12.416(4) A [1,2]. Recently, attention has been

focused to explore their potential application in thermoelec- Fe

tric technology due to their moderate electrical transports and

low thermal conductivity. A dimensionless figure of merit

2T (= o?0T/k, wherea, o, T, andx are Seebeck coeffi-

cient, electrical conductivity, absolute temperature, and ther-

mal conductivity, respectively) of 1.18 at 850 K has been re-

ported, which is better than any other un-doped diamond-like

material [3]. To enhance the figure of merit, CulgTean

be doped or alloyed; throughout these procedures, it is pos-

sible to tune the carrier concentration optimizing both elec-

trical conductivity ¢) and power factor{?c) and also to

create extrinsic defects which could greatly alter the elec-

tron and phonon transport properties. It has been reportec

[4] that when CulnTe is doped with Cd according with

the general expression Culn,CdxTe, (with z = 0,0.02,

0.05, and 0.1) theT values were improved by over 100% at In CulnTe>

room temperature and around 20% at 600 K foe= 0.02

and 0.1, respectively. It had been also reported [5] thafFIGURE 1. Compositional representation of the Cu-Fe-In-Te qua-

(CulnTe):_x(ZnTe)x solid solutions (simultaneous Zh  ternary solid solutions system.

CuFeInTe,

Te

InaTe,
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TaBLE |. X-ray powder diffraction data of the quaternary CuFelnTe

20065(°) dobs(A) (I/1o)obs h k l 20ca(®) dea(A) A20(°)

16.001 5.5341 1.0 1 0 1 15.994 5.5367 -0.007

24.896 35734 100.0 1 1 2 24.889 35743 -0.007

25.920 3.4345 3.1 1 0 3 25.915 3.4352 -0.005

28.829 3.0942 1.9 2 0 0 28.826 3.0945 -0.003
0 0 4 28.800 3.0973

33.141 2.7008 6.4 2 1 1 33.135 2.7013 -0.006
1 0 5 39.126 2.3003

39.143 2.2994 1.6 2 1 3 39.146 2.2992 0.003

41.199 2.1892 47.0 2 0 4 41.201 2.1891 0.002

41.222 2.1881 30.8 2 2 0 41.220 2.1882 -0.002

44.487 2.0348 2.6 3 0 1 44.482 2.0350 -0.005
1 1 6 48.720 1.8674

48.755 1.8662 26.0 1 48.753 1.8662 -0.002

53.819 1.7019 0.9 1 0 7 53.828 1.7016 0.009
3 2 1 53.874 1.7003

55.509 1.6540 0.8 3 2 2 55.502 1.6542 -0.007

58.136 1.5854 1.9 3 0 5 58.134 1.5854 -0.002
3 2 3 58.148 1.5851

59.650 1.5487 25 0 0 8 59.653 1.5486 0.003

59.712 1.5472 4.1 4 0 0 59.711 1.5473 -0.001
2 1 7 62.205 1.4911

62.239 1.4904 0.9 0 4 1 62.247 1.4902 0.008
3 1 6 65.674 1.4205

65.704 1.4199 8.4 3 3 2 65.702 1.4199 -0.002

66.161 1.4112 1.7 3 2 5 66.170 1.4110 0.009
4 1 3 66.183 1.4108

67.589 1.3848 0.7 2 0 8 67.584 1.3849 -0.005
4 0 4 67.624 1.3842

73.732 1.2839 0.7 4 1 5 73.733 1.2839 0.001

75.078 1.2642 9.4 2 2 8 75.083 1.2641 0.005
4 2 4 75.122 1.2635

77.379 1.2322 0.9 3 2 7 77.379 1.2322 0.000
4 3 1 77.418 1.2317

80.509 1.1920 2.9 1 1 10 80.504 1.1921 -0.005
3 3 6 80.555 1.1914

81.017 1.1858 0.7 4 3 3 81.025 1.1857 0.008

82.786 1.1649 0.7 4 0 7 82.787 1.1649 0.001
5 1 3 82.818 1.1645

84.551 1.1450 0.8 3 0 9 84.548 1.1451 -0.003
4 1 7 84.573 1.1448

88.075 1.1081 0.8 1 0 11 88.074 1.1081 -0.001

89.441 1.0947 4 0 8 89.450 1.0946 0.009
4 4 0 89.500 1.0941

94.749 1.0468 2.0 3 1 10 94.752 1.0468 0.003
5 1 6 94.802 1.0464

98.780 1.0146 0.7 4 1 9 98.789 1.0145 0.009
4 3 7 98.814 1.0144
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TABLE Il. Rietveld refinement results for CuFelnTe

Molecular formula CuFelnTe Wavelength (Culk) (A) 1.5418
Molecular weight (g/mol) 386.66 Rang@d(°) 10-140
a(A) 6.1842(1) Step size?] 0.008
c(A) 12.4163(2) Counting Time (s) 40
V(A% 474.85(1) Nintensities 4501
n=c/2a 2.01 Independent reflections 322
System tetragonal Rexp (%) 4.7
Space group P42¢ (N°112) R, (%) 5.5
z 8/3 Rup(%) 6.1
px (g cm™?) 5.753 S 1.3

Following this reasoning, the (Culndg_x(ZnTe)x 2.2. Powder X-ray diffraction
solid solutions system has been investigated, and more par-
ticularly the sample CuFelnTe which corresponds to the The specimen of CuFelnJefor XRD measurements was
value ofz = 0.5 (see Fig. 1). This quaternary compound is ground in an agate mortar and pestle to a particle size of fewer
a semiconductor, belonging to the I-ll-lll-Yifamily, which ~ than 106um. Powder X-ray diffraction pattern was col-
has been studied for spintronic applications with interestlected at room temperature (298 K) on a PANalytical X'Pert
ing magnetic, thermal and thermoelectric properties. GrimaPro MPD powder X-ray diffractometer operating in Bragg-
Gallardoet al. suggest a super-paramagnetism behavior foBrentano geometry using CuKradiation @ = 1.5418 A).
CuFelnTg [6,7] and Cabrerat al. [8] have demonstrated A tube power of 45 kV and 40 mA was employed. A nickel
that CuFelnTg is a promisingn-type thermoelectric mate- filter was used in the diffracted beam optics and the data were
rial applicable at high temperatures. collected with the X'Celerator one-dimensional silicon strip

For this compound, there are no reports on its powdedetector. A 1/4divergent slit, a 1/2anti-scatter slit, and a
diffraction pattern or its crystalline structure in the appropri-0.02 rad soller slit were set at both the incident and diffracted
ate databases reviewed: Powder Diffraction File [9], Inor-beams. The scan range was from 10 to°“240with a step
ganic Crystal Structure Database (ICSD) [10], and Springesize of 0.008and a scan speed of 0.0F@6 The analyti-
Materials [11]. Hence, here we present the structural characal software package Highscore Plus (PANalytical, Almelo,
terization of the quaternary compound CuFelntising the  Netherlands) was used to establish the positions of the peaks
Rietveld method to establish its crystal structure and reporfrom the o1 component, strip mathematically the com-
its powder X-ray diffraction data. The chemical structureponent from each reflection, and to determine the peak in-
was validated using the Bond Valence Sum (BVS) calculatensities of the diffraction peaks (Table I). For the Rietveld
tions [12,13]. refinement, the whole diffraction data was used.

2. Experimental

. 3. Results and discussion
2.1. Synthesis

The chemical elements Cu, Fe, In, and Te (99.99% of purity] "€ experimental (Yobs in red) powder XRD pattern of
GoodFellow) in stoichiometric quantities, were introducedCuFeInTg is shown in Fig. 2. An automatic search in the
into a synthetic silica glass ampoule and sealed under vacuuffPF-ICDD database [9], using the software available with
(~ 10~* Torr). This ampoule was subjected to pyrolysis tothe diffractometer, indicated that the powder pattern con-
avoid reaction of the starting materials with silica glass. Theé@ined small amounts of kgosTe (PDF N01-080-0280).
mixture was slowly heated up to 1500 K at a rate of 20 K/h,Bragg positions of the diffraction lines from this compound
with a stop of 48 h at 722.5 K (melting temperature of Te) to@re also indicated in Fig. 2. The 20 first peak positions of the
maximize the formation of binary species at low temperaturdn@in phase, CuFelnTewere successfully indexed using the
and minimize the presence of unreacted Te at high temper&2iCvol04 program [14], in a tetragonal unit cell with param-
tures. To ensure complete mixing of all elements, the ampu|gters slightly shorter than those of the ternary chalcopyrite
was kept under constant stirring. At the maximum temperParent CuinTe[2].

ature (1500 K) the ampoule was kept for 48 h and it starts A space group search using ExtSym program [15] sug-
cooling at a rate of 20 K/h, until 873 K which was kept for 30 gested the space groupZ which is consistent with the sys-
days. Finally, it was cooled to room temperature at a rate ofematic absences.

10 K/h. The color of the obtained ingots was bright gray and The complete powder diffraction dataset was reviewed
seemed to be homogeneous. in the tetragonal space grouplZ by using the program
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23000

tion data available it was only possible to describe the thermal
1000 |- o . motion of the atoms by one overall isotropic temperature fac-
— e tor. A total of 23 parameters of the CuFelaTeompound
r fegppeeiiin | were refined, including peak shape parameters, scale factor,
1000 |- 1 cell parameters, atomic coordinates, isotropic displacement
ol | parameters, and full-width at half-maximum (FWHM) pa-

J rameters. The final Rietveld refinement led to agreement fac-
w00 ] tors of: Reyp, = 4.7%, R, = 5.5%, R,,, = 6.1%, andS =
‘fdﬁh g I"T"\”ﬁl'f/' %MMM T cor 1.3, respectively Rex, = 100[(N — P+ C)/ 3, (5] /%,

s R, =100 > |Yobs — Yeaicl/ D [Yobs» Ryp = 100[Zw [Yobs —
- f gt . Yealc2/ Zw |yobs|2}1/2’ S = [RWP/RexpL N — P+ Cisthe
number of degrees of freedom).

its)
i

Intensity (arb. uni

10 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 10‘0 ﬁIO 12‘0 1;0 140
2 Theta () Figure 2 shows the results of the Rietveld refinement of
FIGURE 2. Rietveld refinement final plot of CuFelnJeThe lower ~ CuFelnTg. The calculated powder pattern is shown as a
trace is the difference curve between observed and calculated pasolid black color line. The solid blue line is the difference be-
terns. The Bragg reflections are indicated by vertical bars. tween the calculated and experimental powder XRD patterns.
) , i ) The vertical green lines show expected Bragg diffraction
NBS*AIDS [16]. _From this analysis, the renflned unit-cell peaks calculated as per space grod@c® Details of refine-
parameters obtained werer = 6.1891(3) A andc = ontyalues are summarized in Table II. A semi-quantitative
12.3891(6) A, with figures of meritMyy = 79.4 [17]and  555is [25] from the final Rietveld refinement converged
Fso = 43.3 (0.0045, 154) [18]. The resulting powder X-ray 4, the \eight fraction percentages: CuFelnT@1.9%) and
diffraction data for CuFeInE together with the obsgrvgd Fe 105Te (8.1%). Table IIl shown the atomic coordinates,
and calculatedd, the d-spacing’s as well as the relative in- y,q 4| gisplacement factors, bond distances, and angles for

tensities of the reflections, are given in Table |. These dat‘?:uFelnT@. Unit cell diagram for this quaternary compound
will be submitted to the Powder Diffraction File of the Inter- i <hown in Fig. 3.

national Centre for Diffraction Data [9].

The Rietveld refinement technique [19] with the software [N this system (CulnTg;_ x (ZnTe)x, with composition
Fullprof version 7.30, March 2020 [20] was used to deter-z = 0.5, introducing an additional cation (Fe) to the ternary
mine the structure of CuFelnJe CulnTe, leads to symmetry reduction from the chalcopyrite

The starting structure model used was that of the parerfitructure/42d to a related B2c known as P-chalcopyrite
compound CuFeln$d21] and the unit cell parameters were [26]. In Fig. 3 it is possible to observe a comparison,
those obtained from the NBS*AIDS refinement. Atomic po- With the tetrahedra pointed in the same direction, between
sitions of the Feo5Te binary [22] were included as a sec- the two structures: the ordered Chalcop_ynﬁ@d structure
ondary phase in the refinement. The peak profiles were deé@f CulnTe, and the partially disordered4c structure of
scribed using a parametrized pseudo-Voight function [23,24]CuFeInTg. The quaternary compound CuFelgTes a nor-
The background was described by the automatic interpolatiomal adamantane-structure and can be described as a deriva-
of 123 points throughout the whole pattern. With the diffrac-tive of the sphalerite structure [27]. The main features in the

TABLE Ill. Atomic coordinates, isotropic temperature factor, and selected geometric pararﬁet%)’éc(r CuFelnTg, derived from the
Rietveld refinement. Bond valence sum (BVS) results are shdwes (1/3Cu+ 1/3Fe-+ 1/3In).

Atom Ox. BVS Wyck. T y 2 foc B (A?)
Cu +1 1.37 2c 0 1/2 1/4 1 0.35(2)
Fe +2 2.35 2e 0 0 0 1 0.35(2)
In +3 3.43 2b 1/2 0 1/4 1 0.35(2)
M 2f 1/2 1/2 1/2 1 0.35(2)
Te 2 2.37 8n 0.2534(1) 0.2563(1) 0.1176(1) 1 0.35(2)

Cu-Te 2.665(1) Fe-Te 2.726(1) In-Te 2.746(1)

Te' - Cu - Té" 107.8(1) x4 Te-Fe-Te 111.0(1) x4 Té- In - Tev'* 110.6(1) x4

Te" -Cu-Tev 112.8(1) x2 Te - Fe - Té 105.7(1) x2 Té- In - Tev'™ 106.5(1) x2

Symmetry codest®) 0.5-x, 0.5y, 0.5+2(#) y, x, z; (49) 0.5-x, 0.5+y, 0.5-2(%%) -y, 1, ;") X, -y, 7, ") y, -x, -2, (*") 0.5-y, -0.5+x, 057
(viid) _0 5+x, -0.5+y, 0.5+z.
Bond valence sum (BVSY;; = 3, exp([Ro — Rij]/b), b= 0.37 A, ro(Cu-Te) = 2.27 A, ro(Fe-Te = 2.53 A, 7, (In-Te) = 2.69 A.
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FIGURE 3. Unit cell diagram of the ternary CulnTdI42d) chalcopyrite structure a) and the quaternary CuFejr(Pd2c) structure, b)
showing the tetrahedra around the cations. The two structures differ in the arrangement of cations.

crystal structure are tetrahedral; each cation is coordinated iprmal oxidation states for Cuy F&*, In3*, and Té~ ions,
four anions (Te) and each anion is coordinated by four cations/hose results can also be seen in Table 111

(one Cu, one Fe, one In, and one M) located at the corners of

a slightly distorted tetrahedron. The tetrahedra containing th
cations atoms have to mean Te...Te distances; 4.2i9(d1)

M, 4.456(1)A for Fe, 4.307(1)A for Cu, 4.487(1)A for In,
respectively.

The interatomic Cu-Te [(2.665(14], Fe-Te [2.726(1)
Al, and In-Te [2.746(1)A] are somewhat smaller than
the sum of the respective ionic radii for structures tetra
hedrally bonded [28]. However, correlates well with
those found in the adamantane structures Cuin[lel],
Aglns;Teg [29], CuTalnTey [30], CuisNbTe, [31], Fe,GeTe
[32], AgoFeGeTe [33], AgIinTe, [34], CuCagInTe,; and

ﬁ. Conclusions

The powder X-ray diffraction data and crystal structure of the
super-paramagnetic semiconductor CuFejniEereported.
This compound, refined by the Rietveld method, crystallizes
in a P-chalcopyrite structure with a partially disorder cation
“distribution. Structurally it corresponds to a new adaman-
tane compound and consists of a three-dimensional arrange-
ment of slightly distorted CuTg FeTe, and InTq tetrahe-

dra connected by common corners. The chemical structural

i model was checked by analysis of the interatomic distances
CuNiInTe; [35], CusIny Tey, [36] and Cylns Tey [371. sing the Bond Valence Sum (BVS) formula based on bond-
The Bond Valence Sum (BVS) values, for Cu, Fe, In, andu o um ( ) u

Te were calculated using the Brown-Altermatt empirical ex_strength examination.

pression [11,12]. The BVS of an atomis defined as the

sum of the bond valencds; of all the bonds from atoms ~ Acknowledgments

to atoms;j and the usually accepted empirical expression for
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