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ABSTRACT 

The magnetic behavior of (CuGa)1-xFexSe2-x solid solutions with compositions x=0.1, 1/3 and 1/2 has been 

investigated using SQUID techniques. DC magnetic susceptibility was measured in the temperature range 2 

< T < 300K using Zero Field Cooling (ZFC) – Field Cooling (FC)  protocol. It has been observed that the 

experimental curves can be analyzed as the sum of two magnetic components, one superparamagnetic and 

the other one ferromagnetic. The ferromagnetic component persist up to temperatures higher than room 

temperature making this report the first observation of room temperature ferromagnetism in AIBIIICVI
2 

compounds doped (or alloyed) with transition metals.     

Keywords: CuGaSe2, FeSe, magnetic susceptibility, ferromagnetism, superparamagnetism.  

COEXISTENCIA DE COMPONENTES FERROMAGNÉTICA Y SUPERPARAMAGNÉTICA 

EN SOLUCIONES SÓLIDAS (CUGA)1-XFEXSE2-X CON X=0.1, 1/3 Y 1/2  

RESUMEN 

El comportamiento magnético de las soluciones solidas (CuGa)1-xFexSe2-x con composiciones x=0.1, 1/3 y 

1/2 fue investigado por medio de la técnica de SQUID. Las susceptibilidades DC fueron medidas en el rango 

de temperatura 2 < T < 300K usando el protocolo Enfriamiento a Campo Zero (ECZ) – Enfriamiento con 

Campo (EC). Se observó que las curvas experimentales podían ser analizadas como la suma de dos 

componentes magnéticas, una superparamagnética y otra ferromagnética. La componente ferromagnética 

persiste a temperaturas por arriba de la temperatura ambiente siendo este reporte la primera observación de 

ferromagnetismo a temperatura ambiente en compuestos AIBIIICVI
2 dopados (o aleados) con metales de 

transición.      

Palabras clave: CuGaSe2, FeSe, susceptibilidad magnética, ferromagnetismo, superparamagnetismo. 
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1. INTRODUCTION 

Conventional electronic devices rely on the transport 

of electrical charge carriers in a semiconductor. 

Spintronics exploits the spin of the electron rather 

than its charge to create a new generation of devices, 

which will be smaller, more versatile and more 

robust than those currently making up silicon chips 

and circuit elements [1-2]. Due to these great 

advantages, intensive attention has been paid to 

semiconductor based ferromagnetic (FM) materials, 

including AIBIIICVI
2 and AIIBIVCV

2 chalcopyrite 

semiconductors. For AIIBIVCV
2, ferromagnetism 

above room temperature was reported in several 

AIIBIVCV
2: Mn alloys (see Table I) but there are no 

reports of such behavior in analogous AIBIIICVI
2: Mn 

alloys.    

Ferromagnetism in AIIBIVCV
2: Mn alloys is thought 

to arise from the interaction of holes (created by 

substitution of a IV-element by Mn2+) with the local 

moment of the d electrons of Mn [11, 12]; however it 

is sometimes argued that it can be also produced by 

the presence of magnetic secondary phases such as 

MnP and MnAs [13-16]. Kochura et al (2013), in 

samples prepared by solid state reaction under the 

condition of fast cooling, found three types of 

magnetic species: a) the substitutional Mn ions 

making Mn complexes (especially dimers), b) the 

MnAs micro-precipitates and c) nanosize precipitates 

(MnAs clusters with mean diameter of 3nm) [13]. 

Although the origin of room temperature 

ferromagnetism in these compounds is until now 

under investigation, it seems well established that the 

magnetic behavior of these alloys is composition 

dependent: at low values of x, the alloys show a 

typical paramagnetic behavior (or also 

superparamagnetic) [6, 8] until a critical xc value is 

reached, for which a paramagnetic→ferromagnetic 

transition occurs. It is worth to note here, by 

inspection of Table I, that Tc values are 

approximately the same for all the AII
1-xMnxB

IVCV
2 

alloys suggesting that this transition is related to with 

Mn-based secondary phases more than substitution 

in the ternary matrix. 

 

 

Table I. AIIBIVCV
2: Mn alloys showing room temperature ferromagnetism. 

Alloys 
Magnetic element 

composition 
Synthesis method Tc [K] Reference 

Cd1-xMnxGeP2 x=0.2 SSR 300 [3] 

Zn1-xMnxGeP2 x=0.056 SSR 312 [4] 

(ZnGe)1-xMnxAs2 

(ZnSn)1-xMnxAs2 

x=5 mass % 

x=1.2 mass % 
BM 

333 

329 
[5] 

(CdGe)1-xMnxAs2 x=6 mass % SSR 355 [6] 

(ZnGe)1-xMnxAs2 x=3.5 mass % SSR 367 [7] 

(ZnSi)1-xMnxAs2 
x=1 mass % 

x=2 mass % 
SSR 

325 

337 
[8] 

Zn1-xMnxGeAs2 x=0.078 SSR 320 [9] 

(Zn0.9Cd0.1)1-xMnxGeAs2 
x=1.13 mass % 

x=2.65 mass % 
SSR 

349 

351 
[10] 

Tc: critical temperature (magnetic transition temperature from paramagnetic to ferromagnetic). 

SSR: Solid State Reaction; BM: Bridgman Method. 
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Table II. Magnetic behavior AIIBIVCV
2: Mn alloys. 

Compound 
Magnetic element 

composition 

Synthesis 

method 
Magnetic behavior Ref. 

Cu1-xMnxInTe2 
x=0.03 and 0.06 

x=0.09 and 0.12 
SSR 

PM 

AFM  
[17] 

(CuIn)1-xMn2xTe2 0.010 ≤ x ≤ 0.101 BM SG [18] 

CuIn1-xMnxS2- 

Cux/2Inx/2MnxS2 

x=0, 0.05, 0.1 and 0.2 

x=0.1 
SSR AFM [19] 

CuIn1-xMnxS2 

Cu1-xMnxInS2 

x = 0 – 0.2 

x = 0 – 0.1 
SSR PM [20] 

Cu0.95-xMn0.05InSe2 x = 0-0.20 SSR PM [21] 

CuIn1-xMnxSe2 

Cu1-yIn1-yMn2ySe2 

x = 0.0125-0.2 

2y = 0.0125 – 0.6 
SSR PM [22] 

Cux/2Gax/2MnxTe2 x=0.2 SSR SPM [20] 

Cu1-xMn2xInS2 

Cu1-xMn2xAlS2 

x=0.03 

x=0.01 
SSR PM + weak FM [21] 

CuGa1-xMnxTe2 

Cu1-xGa1-xMn2xTe2 

x=0.004, 0.008, 0.010 and 

0.012 
SSR SPM [22] 

SSR: Solid State Reaction; BM: Bridgman Method; PM: Paramagnetic; AFM: Antiferromagnetic; Spin Glass; SPM: 

Superparamagnetic; FM: Ferromagnetic 

 

Table III. AIIBIVCV
2 compounds doped (or alloyed) with a TM different than Mn.  

Compound 
Magnetic element 

composition 

Synthesis 

method 
Magnetic behavior Ref. 

CuIn1-xFexS2 x=0.1 SSR AF [19] 

(CuIn)1-xFexTe2-x 

(CuGa)1-xFexTe2-x 

x=0.5 SSR SPM [26] 

(CuIn)1-xFexSe2-x x=0.5 SSR SPM [27] 

(CuAl)1-xCrxS2-x 
x=0.1 and 0.2 

x=0.33 
SSR AFM 

[28] 

[29] 

(CuIn)1-xCoxTe2-x 

(CuIn)1-xNixTe2-x 
x=0.67 SSR 

SPM 

DM + weak FM 
[30] 

(CuIn)1-xTaxTe2-x x=0.25 SSR SPM [31] 

(CuIn)1-xTaxSe2-x 

(CuIn)1-xTaxTe2-x 

x=0.25 

x=2/3 
SSR 

SG 

FM (Tc~50K) 
[32] 

SSR: Solid State Reaction; DIA: Diamagnetic; PM: Paramagnetic; AFM: Antiferromagnetic; Spin Glass; SPM: 

Superparamagnetic; FM: Ferromagnetic. 

 

The experimental reports of AIBIIICVI
2: Mn alloys are 

summarized in Table II. No room temperature 

ferromagnetism has been reported for these alloys 

until now. For low values of x, paramagnetic (or 

superparamagnetic) behavior is observed as in 

AIIBIVCV
2: Mn alloys, but for higher values of x the 
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magnetic transition goes from paramagnetic to 

antiferromagnetic or paramagnetic to spinglass 

magnetic states. In the case of Cu1-xMn2xInS2 and 

Cu1-xMn2xAlS2 alloys heterogeneous behavior was 

observed where a paramagnetic state coexists with a 

weak ferromagnetic component [21]. For CuGaTe2: 

Mn alloys, superparamagnetic behavior had been 

reported [20, 22]. Whereas AIIBIVCV
2 compounds 

have been investigated almost exclusively alloyed 

with Mn, AIBIIICVI
2 materials have been alloyed with 

other transition metals (TMs) such as Fe, Cr, Co, Ni 

and Ta; the published work up to now is given in 

Table III. As in the case of alloys with Mn, a variety 

of magnetic behaviors are observed: 

antiferromagnetic, superparamagnetic, spinglass, 

coexistence of magnetic components but also a 

report of ferromagnetism at low temperature 

(Tc~50K) in (CuIn)1-xTaxTe2-x at x=2/3.   

It is interesting to compare experimental results with 

those obtained by theoretical calculations. Katamani 

et al (2003) [33, 34] using KKR-CPA-LDA method 

predict that ferromagnetic states are stable in (Cd1-

xVx)GeP2 and (Cd1-xCrx)GeP2, alloys whereas (Cd1-

xMnx)GeP2, (Cd1-xFex)GeP2 and (Cd1-xCox)GeP2 

alloys must show spinglass-like ground states 

(calculations were made using x=0.1); Ti and Ni 

substitutions in CdGeP2 could not have a net 

magnetic moment (the same are applicable to 

ZnGeP2 and CdSiAs2).  On the other hand, the 

ferromagnetic state was found to be stable in 

AgGaS2 (CuAlS2) doped with Ti, V, Cr and Mn, 

whereas doping with Fe, Co and Ni must stabilizes a 

spinglass-like state. The work of Zhao et al (2004) 

[35], using first principle calculations, coincides with 

Katamani and predicts that Mn doping at the III site 

in AIBIIICVI
2 compounds provides holes that must 

stabilize ferromagnetic coupling between Mn ions. 

The prediction of both works (Katamani and Zhao) is 

contradictory that which has been observed 

experimentally! The reason for the discrepancies 

between theoretical expectations and experimental 

results is not clear until now. It has been suggested, 

that stabilization of ferromagnetism is due to the 

interaction of holes with Mn magnetic moments 

induced by: a) intrinsic defects [36, 37]; b) non-

uniform spatial distribution of carriers and/or and 

magnetic ions [38]; or c) nanoscale phase separation 

driven either by randomness in the carrier and spin 

subsystems or by limited solubility of transition 

metals in the host semiconductor, which leads to 

spinodal decomposition into regions with a small and 

a large concentration of the magnetic constituents 

[38]. It is evident that additional experimental work, 

in greater variety of systems and with larger 

concentration of the transition metal dopant, is 

necessary.   

In this work, we have studied the magnetic behavior 

of the (CuGa)1-xFexSe2-x alloy system with x= 0.1, 

1/3 and 1/2. Previously, we reported the phase 

diagram of this alloy system in the composition 

interval 0 ≤ x ≤ 0.5 [39], finding that up to 

composition x=0.333 the alloys are single phase and 

in the composition interval 0.333 < x < 0.5 the alloys 

show traces of two secondary phases identified as -

FeSe [40] and Fe7Se8 [41]. 

2. EXPERIMENTAL PROCEDURE 

The preparation of the samples, X-ray diffraction 

(XRD) measurements, differential thermal analysis 

(DTA) and the T-x phase diagram of the (CuGaSe2)1-

x(FeSe)x alloy system for 0 ≤ x ≤ 0.5 have been 

reported previously [39]. DC magnetic susceptibility 

and magnetization (H,T) measurements were 

performed on a Quantum Design SQUID 

magnetometer, equipped with a superconducting 

magnet able to produce fields up to 5 T. The samples 

in the form of powder were compacted with a piece 

of cotton inside the sample holder in order to prevent 

any movement. Zero-field-cooling and field cooling 

(ZFC-FC) measurements were carried out in the 

temperature range of 2–300 K. The ZFC protocol 

consists of cooling the sample from high 

temperature, to the lowest measuring temperature in 

zero magnetic field. Then a static magnetic field of 

0.5 kOe is applied and the magnetization is measured 

during warm up. The FC protocol consists of cooling 

the sample in a small DC field and measuring the 

magnetization during cooling without removal of the 

field. 

3. RESULTS AND DISCUSSION 

DC magnetic susceptibility () as a function of 

temperature (T) for samples x=0.1, 1/3 and 1/2 are 

show in figure 1. 

The magnetic behavior of ZFC and FC curves for 

composition x=0.1 is typical of a paramagnetic-like 

component. However, the observed hysteresis is 

indicative of the formation of some magnetic clusters 

that coexist with the predominant paramagnetic-like 

component; at the lower temperature, for a virgin 

sample, the clusters must be blocked and the large 
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magnetization value is completely due to the 

paramagnetic-like component.  The hysteresis, as a 

function of temperature (given in the insert as the 

difference between ZFC and FC curves) decreases 

abruptly in the interval 2K<T<50K, shows a plateau 

in the interval 50K<T<100K, and then decreases 

linearly in the interval 100K<T<300K, due to the 

gradual unblocking of the magnetic clusters at 

different magnetic regimes characteristic of systems 

where magnetic clusters have a size distribution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  vs T for samples (from left to right) x= 0.1, 1/3 and 1/2. ZFC: white circles; FC: black circles. In the inserts, at 

the top, the difference between FC and ZFC curves (hysteresis) are also displayed. For sample x=1/2 amplification at the 

lowest temperature is also showed. 

For sample with composition x=1/3, the ZFC curve 

show their minimum value at the lower temperature 

as it is usual in magnetic systems conformed by 

blocked magnetic clusters (the observed dispersion 

of the points is probably due to the presence of little 

traces of  a secondary phase which has not 

previously observed in the diffraction pattern). When 

the temperature increases, the clusters gradually 

unblock suggesting a system with a distribution of 

clusters sizes as before, for sample x=0.1. The 

plateau at 250-300K is indicative that the majority of 

the clusters are unblocked. The magnetic behavior of 

the FC curve suggests the presence of two magnetic 

components, one ferromagnetic that dominates at 

high temperature and another paramagnetic-like that 

dominates at low temperature. The difference 

between FC and ZFC curves (insert) repeats the 

behavior observed for composition x=0.1.  

For composition x=1/2, the ZFC curve at the lowest 

temperature shows a diamagnetic character (negative 

magnetization) and a step transition to positive 

magnetization at around 4K (see insert at the 

bottom). This behavior is typical of a superconductor 

and it is probably due to the presence of the -FeSe 

secondary phase observed in the diffraction pattern 

for this composition for which an analogous 

transition has been reported [42]. For higher 

temperatures the contribution of the -FeSe 

secondary phase disappears at the observed 

magnetization is due to the unblocking clusters as in 

the case of composition x=1/3. 

In Figure 2, we analyze the magnetic susceptibility 

curves as a linear combination of two magnetic 

components, where z is the relative portion of each 

of them: 

                  (1) 

The paramagnetic contribution has been written as: 

                                           (2) 
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Where                                                is the Langevin 

function [43], cis the mean magnetic moment of 

the clusters, H is the applied magnetic field, k is the 

Boltzmann constant and T is the absolute 

temperature. First, we are fitted the experimental 

curve (black circles) with equation (2). Then, the 

ferromagnetic component (blue line) is obtained 

from the difference between the experimental curve 

and the fitted paramagnetic-like component (red 

line). The sum of the ferromagnetic and the 

paramagnetic-like components is given by 

continuous black line.  

In Figure 3, the z values for each component as a 

function of temperature are showed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Fitting of the experimental FC curves considering the existence of two coexisting magnetic components. From 

left to right, x=0.1, 1/3 a 1/2. Black circles: experimental; red line: paramagnetic-like component; blue line: ferromagnetic-

like component; and black line: paramagnetic-like + ferromagnetic. The fitting parameters c and 0 are indicated for each 

curve, together with the applied magnetic field value. 

 

 

 

 

 

 

 

 

 

Figure 3. z Vs T for the compositions x=0.1, 1/3 and 1/2. Red line: paramagnetic-like component; blue line: ferromagnetic 

component. 

From the fit, the mean magnetic moment was 

obtained and in Figure 4, these values are displayed 

as a function of composition. 
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Figure 4. Mean magnetic moment (c) versus 

composition.  

The mean magnetic moments are equivalent to 176, 

1780 and 8814 Fe3+ ions (5.9B/ion) for 

compositions x=0.1, 1/3 and 1/2, respectively. This 

calculation implies that the paramagnetic-like phase 

is in reality superparamagnetic composed by clusters 

which size increases exponentially with composition. 

From figure 3, it is worth to note that, at room 

temperature, the total magnetic component is given 

by 80% ferromagnetic and 20% superparamagnetic, 

for all the samples.  

4. CONCLUSIONS 

The analysis of the experimental curves of the 

magnetic susceptibility permitted us to conclude the 

presence of two magnetic components: one 

superparamagnetic (it has the behavior of a normal 

paramagnetic, with one notable exception, the mean 

magnetic moment increases very fast with 

composition up to 5.2 x 104 B for x=1/2, indicating 

the presence of magnetic clusters) and another 

ferromagnetic with a critical temperature Tc > 300K, 

making this the first observation of room 

temperature ferromagnetism in AIBIIICVI
2 

compounds doped (or alloyed) with TM.  

The high value of the mean magnetic moment and 

the fact that at room temperature the magnetism of 

the sample is 80% ferromagnetic, suggest that these 

alloys could be used as magnetic devices in 

spintronics applications.  
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