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Synthesis, differential thermal analysis, and crystal structure
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This study reports on the quaternary diamond-like semiconductor copper iron germanium tellurium, Cu2FeGeTe4. The material was synthe-
sized using the melt and annealing technique by directly reacting the elements. The thermal behavior of the Cu2FeGeTe4 compound was
investigated using thermogravimetric analysis. The Rietveld refinement method characterized the crystal structure through X-ray powder
diffraction. The powder diffraction pattern revealed that the principal phase, Cu2FeGeTe4, constituted 85.4%, while the secondary phase,
FeTe2, accounted for 14.6%. The quaternary chalcogenide compound Cu2FeGeTe4 belongs to the I2-II-IV-VI 4 system and crystallizes in the
stannite structure within the non-centrosymmetric tetragonal space groupI-42m (N◦ 121), Z = 2, with unit cell parametersa = 5.9293(8) Å,
c = 11.9239(8) Å, V = 419.20(2) Å3. Its structure consists of a three-dimensional close-packed arrangement of slightly distorted CuTe4,
FeTe4, and GeTe4 tetrahedra, interconnected through shared faces and corners. The chemical structure was verified through Bond Valence
Sum (BVS) calculations.

Keywords: Chalcogenide; chemical Synthesis; thermal analysis; powder X-ray diffraction; crystal structure; Rietveld method; bond valence
sum.
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1. Introduction

Diamond-like semiconductors can be formed by cross substi-
tution in the cationic sublattice starting from the basic struc-
tures of diamond. Most semiconductor compounds crys-
tallize in tetrahedral structures, characterized by tetrahedral
bonds. These bonds require an average of four valence elec-
trons per atom, and the total valence electrons per anion
must total eight [1]. Additionally, these compounds must ad-
here to Pauling’s second rule, which states that the charge
of the anion must be compensated by its nearest neighboring
cations [2].

Quaternary diamond-like compounds with formula I2-II-
IV-VI 4 satisfy the rules of adamantane compound formation.
Due to their wide variety of possible compositions (I= Cu,
Ag, II= Zn, Cd, Mn, Fe, IV= Si, Ge, Sn, VI= S, Se, Te), these
materials have significant potential applications in fields such
as solar cell semiconductors [3], photovoltaics [4], spintron-
ics [5], non-linear optics [6], and thermoelectrics [7].

Two primary structural types have been reported for
this quaternary family of compounds; sphalerite derivative
structures and wurtzite derivative structures. The sphalerite
derivatives possess tetragonal symmetry; with structures
such as Cu2FeSnS4-type (stannite, space groupI-42m), or
Cu2ZnSnS4-type (kesterite, space groupI-4) [8]. In contrast,

the würtzite derivatives exhibit either orthorhombic symme-
try, as in Cu2CdGeS4-type (würtzite-stannite, space group
Pmn21) [9] or monoclinic symmetry, as in Na2ZnSiO4-type
(würtzite-kesterite, space groupPc) [10]. More recently,
the diamond-like compound Ag2CdGeS4 has been shown to
crystallize in the orthorhombic space groupPna21 [11], rep-
resenting a new polymorph compared to the previously re-
ported structure in thePmn21 space group [9–12]. These
crystallographic variations arise from differences in cation
distribution within the tetrahedral sites.

Among this family of compounds, thep-type semicon-
ductor Cu2FeGeTe4 is particularly interesting. Its prepara-
tion and magnetic properties were previously reported [13,
14]. The general composition diagram for the Cu-Fe-Ge-Te
system is shown in Fig. 1, where the compound Cu2FeGeTe4
corresponds to Cu (I)= 0.25, Fe (II)= Ge (IV)= 0.125, and Te
(VI)= 0.5.

This material exhibits ferromagnetic properties with a
Néel temperature ofTN = 160.1 K [13]. However, its crys-
tal structure has not been fully established. Earlier studies
using photographic G̈uinier data suggested an orthorhombic
cell with parametersa= 7.656Å, b= 6.567Å, andc= 6.506Å,
though no structural details were provided [14]. To further
investigate the crystalline structures of diamond-like com-
pounds [15–20], this study reports the synthesis, thermal
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FIGURE 1. Compositional representation of the Cu-Fe-Ge-Te qua-
ternary solid solution system.

analysis, and crystal structure using the Rietveld method
from powder X-ray diffraction data of the chalcogenide com-
pound Cu2FeGeTe4.

2. Experimental

2.1. Synthesis

The quaternary compound was synthesized using the melt
and annealing technique. High-purity starting materials (Cu,
Fe, Ge, and Te; 99.99 wt%) were mixed in stoichiometric ra-
tios and sealed in an evacuated quartz tube (∼ 10−4 Torr).
Specifically, were mixed 142.35 mg of Cu (2.24 mmol),
107.23 mg of Fe (1.92 mmol), 81.35 mg of Ge (1.12 mmol),
and 775.41 mg of Te (6.08 mmol) until completing almost 1
gram of mixture (1106.34 mg). The inner walls of the quartz
tube were subjected to pyrolysis to prevent reactions between
the starting materials and the quartz. The fusion process was
conducted in a furnace, gradually heated to 1150◦Cat 20◦C/h.
The ampoule was mechanically shaken during heating to en-
sure complete mixing of the elements. The maximum tem-
perature (1150◦C) was maintained for 48 hours with contin-
uous shaking. Afterward, the shaking system was turned off,
and the temperature was gradually reduced to 20◦C/h until
reaching 500◦C. The ampoule was held at this temperature
for 30 days before cooling to room temperature at 10◦C/h.
The sample was examined under the microscope, revealing
that the ingot was homogeneous throughout.

2.2. Chemical analysis

The sample’s stoichiometric composition was analyzed us-
ing a Hitachi S2500 scanning electron microscope (SEM)
equipped with a Kedex energy-dispersive X-ray (EDX) ac-
cessory. Three distinct regions of the ingot were checked,

and the error margin in the standardless analysis was approx-
imately 5%.

2.3. Differential thermal analysis

The thermal properties of the title compound were obtained
in the temperature range between 20 and 1000◦C using a
Perkin-Elmer DTA-7 device with gold as reference mate-
rial. The charge of the powdered alloy was approximately
100 mg weight. The sample underwent both heating and
cooling runs. The average rate of these runs was approxi-
mately 10◦C/min. The error in determining these tempera-
tures is about±10◦C.

2.4. Powder X-ray diffraction

A small portion of the ingot was ground using an agate mor-
tar and pestle to prepare a fine powder for X-ray diffraction
analysis. The powder was mounted on a flat zero-background
holder coated with a thin layer of petroleum jelly. Data were
collected at 293(1) K using a Siemens D5005 diffractome-
ter (CuKα1 radiation:λ = 1.54059Å; 40 kV, 30 mA) with a
Ge<111> primary monochromator. A fixed aperture and di-
vergence slit (1 mm), a 1 mm monochromator slit, and a 0.1
mm detector slit were used. The sample was scanned from
10◦ to 100◦ 2θ, with a step size of 0.02◦ and a counting time
of 20 s per step. Quartz was employed as an external standard
to determine the2θ-zero correction. WinPlotr software [21]
was used to establish peak positions and intensities.

3. Results and discussion

Figure 2 presents the thermogram of the title compound. In
the temperature range from room temperature to 755 K, the
sample remains in the solid phase, consisting of the low-
temperature modification of Cu2FeGeTe4 and a secondary
phase, FeTe2, as confirmed by powder X-ray diffraction anal-

FIGURE 2. DTA thermogram for Cu2FeGeTe4.
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FIGURE 3. Rietveld refinement final plot of Cu2FeGeTe4. The
lower trace shows the difference between the observed and calcu-
lated patterns. Vertical bars indicate the Bragg reflections.

ysis. Between 755 K and 850 K, a two-phase region (liquid
+ solid, L + S) is proposed. The solid (S) phase likely com-
prises binary FeTe2 along with a probable high-temperature
modification of Cu2FeGeTe4. The transition to liquid phase

(L) occurs at approximately 850 K. Due to irregularities ob-
served in the thermogram, the liquidus temperature (TL) is
estimated at840 ± 10 K, while the solidus temperature (TS)
is approximately760 ± 10 K. These findings contribute to
understanding the phase stability and melting behavior of
Cu2FeGeTe4, which is relevant for its potential applications
in thermoelectric and electronic materials.

Figure 3 presents the X-ray powder diffractogram of the
Cu2FeGeTe4 compound. An automatic search in the PDF-
ICDD database, set 1-73 [22], using the software provided
with the diffractometer, revealed that the powder pattern con-
tained small amounts of the binary FeTe2 (PDF No. 14-419).
The Bragg positions of the diffraction lines corresponding to
this compound are also marked in Fig. 3. The first 20 peak
positions of the main phase (Cu2FeGeTe4) were indexed us-
ing the Dicvol04 program [23], which provided a unique so-
lution in a tetragonal unit cell. In addition, a systematic ab-
sences study (hkl : h + k + l = 2n) confirmed anI-type
cell.

The complete powder diffraction dataset for Cu2FeGeT4
was analyzed using the NBS*AIDS program [24], yielding
the following results: unit cell parametersa = 5.925(1) Å,

TABLE I. X-ray powder diffraction data for Cu2FeGeTe4.

2θobs (◦) dobs (Å) (I/I0)obs h k l 2θcal (◦) dcal (Å) ∆2θ (◦)

15.997 5.5358 1.3 0 0 2 16.022 5.5273 0.025

17.739 4.9959 2.6 1 0 1 17.741 4.9954 0.002

27.679 3.2203 100.0 1 1 2 27.691 3.2189 0.012

31.918 2.8016 2.6 2 0 0 31.938 2.7998 0.020

45.804 1.9794 20.7 2 2 0 45.794 1.9798 -0.010

46.121 1.9665 35.1 2 0 4 46.113 1.9669 -0.008

54.356 1.6864 15.6 3 1 2 54.359 1.6863 0.003

54.917 1.6705 11.5 1 1 6 54.920 1.6705 0.003

57.215 1.6088 2.5 2 2 4 57.190 1.6094 -0.025

66.776 1.3998 4.4 4 0 0 66.767 1.3999 -0.009

67.764 1.3817 4.0 0 0 8 67.759 1.3818 -0.005

73.762 1.2835 4.7 3 3 2 73.744 1.2838 -0.018

74.224 1.2766 7.2 3 1 6 74.220 1.2767 -0.004

84.967 1.1405 7.1 4 2 4 84.968 1.1405 0.001

85.626 1.1334 5.2 2 2 8 85.656 1.1331 0.030

91.290 1.0773 1.7 5 1 2 91.308 1.0771 0.018

91.762 1.0730 1.7 3 3 6 91.766 1.0730 0.004

92.681 1.0647 1.3 1 1 10 92.681 1.0647 0.000

102.198 0.9898 1.1 4 4 0 102.185 0.9899 -0.013

103.142 0.9833 1.5 4 0 8 103.122 0.9834 -0.020

109.003 0.9462 1.3 5 3 2 109.002 0.9462 -0.001

110.470 0.9377 1.3 3 1 10 110.459 0.9377 -0.011

120.903 0.8855 1.3 6 2 0 120.919 0.8854 0.016

123.344 0.8751 1.3 2 0 12 123.349 0.8751 0.005
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TABLE II. Rietveld refinement results for Cu2FeGeTe4 and FeTe2.

Chemical formula Cu2FeGeTe4 FeTe2

Formula weight (g/mol) 765.95 183.45

a (Å) 5.9293(2) 3.821(3)

c (Å) 11.9239(4) 6.275(3)

V (Å3) 419.20(2) 91.6(1)

η = c/2a 1.00 -

System tetragonal tetragonal

Space group I 4̄2m (N◦121) P4/nmm (N◦129)

Z 2 2

Dcalc (g/cm3) 6.07 6.65

Weight fraction (%) 85.4 14.6

Rexp (%) = 6.9 Rp (%) = 7.0

Rwp (%) = 8.6 S = 1.2

c = 11.93(1) Å, and figures of merit M20 = 52.5 [25] and
F20 = 22.1 (0.0111, 98) [26]. The X-ray powder diffrac-
tion data for Cu2FeGeTe4 are summarized in Table I, which
includes the observed and calculated 2θ values, d-spacings,
and relative intensities of the reflections.

Based on the sample composition, unit cell parameters,
and body-centered cell, a revision of the diffraction lines of
the main phase confirms that this material shares the same
structure as the stannite-type compound, which crystallizes
in the tetragonal space groupI-42m (No. 121) [8]. This
structure type can serve as a reference model to refine the
structure under investigation.

The Rietveld refinement [27] was performed using the
FullProf program [28]. The atomic coordinates of the origi-
nal stannite structure Cu2FeSnS4 [8] were used as the start-
ing model for the quaternary Cu2FeGeTe4, with unit cell
parameters obtained from the NBS*AIDS refinement. The
atomic positions of the FeTe2 binary [29] were incorporated
as a secondary phase in the refinement. The angular de-
pendence of the full width at half maximum (FWHM) was
modeled using Caglioti’s formula [30]. Peak shapes were
described using the parameterized Thompson-Cox-Hastings

pseudo-Voigt profile function [31]. Background variation
was accounted for using a six-coefficient polynomial, while
the thermal motion of the atoms was modeled with a single
overall isotropic temperature factor.

Table II summarizes the Rietveld refinement results for
Cu2FeGeTe4 and the secondary phase FeTe2. The refinement
parameters are defined as follows:

Rexp = 100
[
(N − P + C)/

∑
w(yobs

2)
]1/2

,

where(N − P + C) is the number of degrees of freedom.

Rwp = 100
[∑

w|yobs− ycalc|2/
∑

w|yobs|2
]1/2

,

Rp = 100
∑

|yobs− ycalc|/
∑

|yobs|,
S = Rwp/Rexp.

Figure 3 shows the observed, calculated, and difference
profiles for the final cycle of the Rietveld refinement. Ta-
ble III shows the atomic coordinates, thermal displacement
factors, bond distances, and angles for Cu2FeGeTe4. The unit
cell diagram for this quaternary compound is shown in Fig. 4.

The semi-quantitative analysis from the Rietveld re-
finement [32] indicates that the sample consists of 85.4%
Cu2FeGeTe4 and 14.6% FeTe2. To compare the chemical
analysis results with the Rietveld results, atomic percentages
were calculated from the above values giving the follow-
ing results: Cu (21.54%), Fe (15.35%), Ge (10.80%), and
Te (52.31%). These results are close to those of the aver-
age atomic percentages obtained with EDX: Cu (21.5%), Fe
(14.9%), Ge (10.6%), and Te (53.0%).

The Bond Valence Sum (BVS) theory is a simple yet
powerful empirical method used to estimate the oxidation
state (valence) of an atom in a crystal structure based on the
lengths of its bonds [33]. The BVS values, for Cu2FeGeTe4,
were calculated using the Brown-Altermatt empirical expres-
sion: Vij = exp[(Ro − dij )/B, where Vij is the sum of all
bonds between atomi and neighboring atomsj, Ro are the

TABLE III. Unit cell parameters, atomic coordinates, site occupancy factor, isotropic temperature factors, and selected geometric parameters
(Å, ◦) for Cu2FeGeTe4.

Atom Ox. BVS Wyck. x y z SOF B (Å2)

Cu +1 1.35 4d 0 1/2 1/4 1 0.7(3)

Fe +2 2.40 2a 0 0 0 1 1.1(1)

Ge +4 3.68 2b 0 0 1/2 1 2.1(1)

Te -2 2.37 8i 0.2539(9) 0.2539(9) 0.1259(9) 1 0.9(2)

Cu - Te 2.566(8) Fe - Te 2.605(8) Ge - Tei 2.552(8)

Te - Cu - Teii 109.6(2) x4 Te - Fe - Teiv 109.4(2) x4 Tei - Ge - Teiv 107.9(2) x4

Te - Cu - Teiii 109.4(2) x2 Te - Fe - Tev 109.6(2) x2 Teiv - Ge - Tevi 110.3(2) x2

Symmetry codes: (i ) -0.5+x, -0.5+y, 0.5+z; (ii ) -y, x, -z; (iii ) -x, -y, z; (iv ) -0.5+y, 0.5-x, 0.5-z; (v) -x, 1-y, z; (vi ) 0.5-y, -0.5+x, 0.5-z.

Bond valence sum (BVS): Vij =
∑

j exp[(Ro-Rij )/b], ro(Cu-Te)= 2.27Å, ro(Fe-Te)= 2.53Å, ro(Ge-Te)= 2.56Å.

Rev. Mex. Fis.72010503



SYNTHESIS, DIFFERENTIAL THERMAL ANALYSIS, AND CRYSTAL STRUCTURE OF THE QUATERNARY CHALCOGENIDE. . . 5

FIGURE 4. Unit cell diagram of Cu2FeGeTe4 showing the tetrahe-
dra surrounding the cations (Cu, Fe, Ge) and anions (Te).

values for the reference distances, dij is the interatomic dis-
tance andB is universal constant (0.37̊A) [34]. The cal-
culated oxidation states are consistent with the expected for-
mal oxidation states, Cu+, Fe2+, Ge4+, and Te2−, as detailed
in Table III. A deviation of±0.4 valence units from the ex-
pected oxidation state is typically considered acceptable [35].

The chalcogenide quaternary compound Cu2FeGeTe4
has a normal adamantane structure. It can be defined as a
derivative of the sphalerite structure with a cubic closest-
packed array of tellurium anions with Cu, Fe, and Ge oc-
cupying tetrahedral holes [1]. Figure 4 shows the unit cell
diagram for this compound, where each cation is coordinated
by four anions (Te) and each anion is coordinated by four
cations (two Cu, one Fe, and one Ge) located at the corners of
slightly distorted tetrahedrons. In Cu2FeGeTe4 all tellurium
anions follow Pauling’s second rule [2]. Its structure consists
of a three-dimensional close-packed arrangement of lightly
distorted CuTe4, FeTe4, and GeTe4 tetrahedra connected by
common faces and corners.

The tetrahedra containing Cu, Fe, and Ge atoms vary in
size. The Cu-centered tetrahedra have a mean Te...Te dis-

tance of 4.330(5)̊A, which is slightly smaller than those con-
taining Fe [4.442(6)Å] and Ge [4.531(5)Å], respectively.
On the other hand, the tetragonal lattice distortion parameter
(η = c/2a = 1.00, as shown in Table II) indicates minimal
lattice distortions in the crystal structure [36].

The interatomic bond distances Cu-Te [2.566(8)Å], Fe-
Te [2.605(1)Å], and Ge-Te [2.552(8)̊A] are smaller than the
sum of the respective ionic radii (rCu+ = 0.71 Å, rFe2+

= 0.77 Å, rGe4+ = 0.53 Å, rTe2− = 2.07 Å) for tetrahe-
drally bonded structures [37]. This reduction suggests an
increased contribution of ionic interactions to bond forma-
tion. Nevertheless, these distances align well with those
observed in other ternary and quaternary adamantane struc-
tures, including CuInTe2 [38], Cu2GeTe3 [39], Cu2SnTe3
[40], Fe2GeTe4 [41], Ag2FeGaTe4 [15], Cu2ZnGeTe4 [42],
Cu3In5Te9 [43], and Cu3In7Te12 [44]. These structures were
identified in the Inorganic Crystal Structure Database (ICSD,
release 2024.3) [45].

4. Conclusions

The diamond-like compound Cu2FeGeTe4 was synthesized
using the melt and annealing technique through the direct
reaction of its constituent elements. The thermal analysis
of Cu2FeGeTe4 reveals a well-defined phase transition se-
quence, with the material remaining in the solid state up to
755 K, followed by a biphasic (solid + liquid) region up to
850 K, and complete melting above this temperature. The
crystal structure was determined via powder X-ray diffrac-
tion. This material crystallizes in the non-centrosymmetric
tetragonal space groupI−42m, adopting a stannite structure.
Its structure comprises a three-dimensional close-packed ar-
rangement of slightly distorted CuTe4, FeTe4, and GeTe4
tetrahedra, interconnected through shared faces and corners.
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