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The crystal structure of the diluted magnetic compounds CuGa_x,Mn)Se,, x = 0.1, 0.3,
0.5, were characterized using X-ray powder diffraction data. All compounds crystallize in
the tetragonal space group 14 2d (N° 122), with a chalcopyrite-type structure. In all alloys,
Mn-substituted of I-III-VI, chalcopyrites, the Mn cation preferred the Ga site which
supports its ferromagnetic properties. These results are consistent with the first-principles
calculations reported so far.
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1. Introduction

The compounds with ternary structures of the chalcogenide chalcopyrite family I-11I-VI,
(I =Cu, Ag; IIl = Al, Ga, In, VI =S, Se, Te) form an extensive group of semiconductor materials
with diverse optical and electrical properties [1]. Ternary alloys with this composition are well
known by their potential applications in the industry of solar cell devices [2]. From the structural
point of view they crystallize with tetragonal symmetry in the space group 142d (N° 122) being
isostructural with the CuFeS, mineral from which they take their name [3]. The addition of a
magnetic cation to chalcopyrites produce interesting materials because they show both magnetic
and semiconductor behavior [4]. Such materials are known as Diluted Magnetic Semiconductors
DMS, and have attracted a new interest because of possible applications in magnetic-electronic
(“spintronics”) devices [5].

Recent studies have shown that doping of I-III-VI, chalcopyrite ternaries by doses of Mn

leads to an appearance of ferromagnetism [6-10]. In the case of the ternary CuGaSe,, it was shown
theoretically that the substitution of Mn>" on the Ga® site does produce the holes necessary for
ferromagnetism (FM) [6, 7]. First-principles calculations, predicted them to be a new class of
ferromagnetic semiconductors with Curie temperatures of 80-180 K [6, 8]. The same authors, have
recently predicted the site preference of Mn in several I-1I1I-VI, compounds, using first-priciples
total-energy calculations, and found that the preference of Mn on the III site is enhanced by Cu-
rich growth conditions [9, 10].
With the purpose to confirm experimentally the theoretical structural model proposed by Zhao and
Zunger [9, 10], in this work we present a detailed X-ray powder diffraction study of the diluted
magnetic semiconductor CuGa(;.x;yMnxSe; (x = 0.1, 0.3, 0.5), where the diamagnetic Ga*" cations
are substituted by the magnetic Mn*".
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2. Experimental

Samples of CuGa.xyMnx,Se, were grown by the chemical transport method. Starting
materials for the crystal growth were polycrystalline compounds synthesized by direct fusion of
stoichiometric quantities of the pure elements. The crystals were grown by chemical transport in
sealed, evacuated quartz ampoule, which was previously subject to pyrolisis in order to avoid
reaction of the charge with quartz. The transport process was done by using 4 mg/cm’ of iodine as
transport agent. The time of growth was ten days. The temperature gradient in the horizontal two
zone furnace was about 50°C/cm with average temperature 925°C. The samples were then cooled
to room temperature for the period of four days.

X-ray powder diffraction pattern was collected, at room temperature, in a Phillips PW-
1250 goniometer using monocromatized CuKa radiation (A= 1.5418 A). A small quantity of the
sample was ground mechanically in an agate mortar and pestle and mounted on a flat holder
covered with a thin layer of grease. The specimens were scanned from 10-100° 26, with a step size
0f 0.02° and counting time of 15s. Silicon was used as an external standard.

3. Results and discussion

The X-ray diffractograms of CuGa.xMnx)Se,, x = 0.1, 0.3, 0.5, showed single phases,
Fig. (1). The powder patterns were indexed using the program Dicvol04 [11], and tetragonal cells
with similar magnitudes to the parent chalcopyrite structure, CuGaSe, [12], were founds.
Systematic absences indicate I-type lattices. A detailed pattern examination taking into account the
sample composition, cell parameters and lattice-type, suggested that all alloys crystallizes in the
space group 14 2d. The substitution of Mn** by Ga’* produced no structural changes.

The Rietveld refinements [13] of the structures were was carried out using the Fullprof
program [14]. The atomic coordinates of CuGaSe, [12] were used as starting model for the
refinements, with the cation distribution show in Table 1. The angular dependence of the peak full
width at half maximum (FWHM) was described by the Caglioti’s formula [15]. Peak shapes were
described by the parameterized Thompson-Cox-Hastings pseudo-Voigt profile function [16]. The
background variation was described by a polynomial with six coefficients. The thermal motion of
the atoms was described by one overall isotropic temperature factor. The results of the Rietveld
refinement for the three phases are summarizes in Table (1). This table contains the atomic
coordinates, isotropic temperature factor and bond distances for each alloy. Figure (2) shows the
observed, calculated and difference profile for the final cycle of Rietveld refinements for the tree
alloys.
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Fig. (1) Powder X-ray diffraction patterns for the diluted magnetic semiconductor system
CUGa(l_x)Mn(x)Sez.
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As it is observed in Table 1, the occupancy factors for Ga’” and Mn”" cations are in good
agreement with the nominal compositions. The occupancy factors indicate the molecular formulas:
CuGaj geMny 1;Se,, CuGagesMng3,Se,; and CuGags;Mng49Se,, for the phases with x = 0.1, 0.3 and
0.5, respectively.

All phases have a chalcopyrite structure and are normal adamantane-structure compounds [17],
where the Ga cation is “diluted” with a magnetic Mn cation. Figure (3) shows the chalcopyrite unit
cell diagram for all phases.

Table (1) Rietveld refinement results for CuGa.xyMnxSe,.

Composition 1 Ref
(x) 0 Ref. [12] 0.1 0.3 0.5 7]
mol. formula CuGaSe, CuGagsMny | CuGag;Mngs | CuGay sMny s CuMnSe,
]Sez Sez S€2
crystal tetragonal tetragonal tetragonal tetragonal tetragonal
system
space group I42d I42d 142d [42d 142d
a(A) 5.5963(1) 5.6074(2) 5.6242(2) 5.6436(2) 5.69
c(A) 11.0036(2) 11.0201(4) |11.0683(4) [11.1237(4) [11.24
cla 1.97 1.97 1.97 1.97 1.98
V (A 344.62 346.50(2) 350.11(2) 354.29(2) 363.91
mol. w. 291.19 289.71 286.75 283.80 276.40
(g/mol)
dearc (g/cm’) 5.61 5.55 5.44 5.32 -
site occupancy factors for
cations
Cu 0,0,0 |1 1 1 1
4(a)
Ga 0,0, |1 0.89(5) 0.68(5) 0.51(5)
4(b) V2
Mn 0 0.11(5) 0.32(5) 0.49(5)
. atomic coordinate for
site .
anion X
Se X, Y4, 10.2423(2) 0.2450(9) 0.2441(9) 0.2434(9)
32(e) s
isotropic temperature
factors
B, (A?) 0.5(4) 0.6(4) 0.5(4)
bond distances
Cu-Se 2.385(1) 2.398(3) 2.403(3) 2.411(3)
Ga(Mn)-Se 2.435(1) 2.43003) 2.442(3) 2.454(3)
R factors
Rexp (%) 7.1 7.4 7.5
R, (%) 6.7 6.9 7.2
Ryyp (%) 8.3 8.6 9.1
S 1.2 1.2 1.2
¥ (%) 1.4 1.4 1.5

R, = 100 XYobs - Yeale| / Z[Yobs|

= pr / Rexp

7= [Rup/ Rexp]

freedom

Rup = 100 [ZlYobs - Yeatel” / ZulYons"1"

Rexp = 100 [(N-P+C) / (Yo )]

S (godnes of fit)

N-P+C= degrees of
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The Cu-Se bond distances in the three alloys (Table 1) are in good agreement with those
observed in other chalcogenide structure compounds as Cu,GeSe; (2.411 A) [18] and (2.41) [19],
CusPSe,; (2.418 A average) [20], CulnSe, (2.432 A) [21], Cu,SnSe; (2.415 A average) [22],
Cu,CdysMng sGeSey (2.42 average) [23], CusTaSe, (2.454 A) [24], CuFe,InSe, (2.456 A) [25],
CuTalnSe; (2.438 A) [26], CuFeAlSe; (2.418 A) and CuFeGaSe; (2.421 A) [27], CuFelnSe;
(2.423 A) [28], CuNiGaSe; (2.419 A) and CuNilnSe; (2.421 A) [29]. The Ga-Se bond distances
are also in good agreement with similar distances in the ternary compounds CdGa,Se, (2.424 A)
[30], ZnGa,Se, (2.43 A average) [31], MnGa,Se, (2.43 A) [32], AgGaSe; (2.395 A) [33], LiGaSe,
(2.400 A) [34] and T1GaSe, (2.41 A average) [35].

Figure (4) shows the evolution of the unit cell volume for the CuGa(;.x)Mnx,Se, system as
function of Mn content (x). In this figure, the experimental value for x = 0 (CuGaSe,) [12] and the
theoretical value for x = 1 (CuMnSe,) from first-principles calculation [7], were included.
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Fig. (3) Chalcopyrite unit cell diagram for the chalcogenide system CuGa.xyMnxSe,

For the complete CuGa(.x,Mnx,Se, system, the unit cell volume increases linearly with
increasing Mn”" content and follows, within the limits of experimental error, Vegard’s rule [36].
These incrases can be expected in view of the fact that the ionic radius of 0.61 A for Ga’" cations
is smaller than that of 0.80 A for Mn*" cations [37]. Figure (4) show how the unit cell volume
increases, which suggests for this system, a solid solution formation in all range of compositions.
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Fig. (4) Unit cell volume as function of the Mn content (x) in CuGa;-xMnx)Se,. The dot lines
represent linear regression.

4. Conclusions

The Rietveld refinement analysis of the CuGa(.xyMn)Se, (x = 0.1, 0.3, 0.5) system by X-
ray powder diffraction confirms that these alloys crystallizes in a chalcopyrite structure. The
structure implies a substitution of Mn in the Ga cation sites, whitout structural changes. The linear
variation of the unit cell volume with x suggests complete solid solubility in this system.
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