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ABSTRACT. XRD, magnetic and XPS measurements of the three classes of intermetallic 
compounds with different crystallographic structures are reported. XPS spectra of 
Ce2Co15Mn3, CeCo7Mn5 and CeCo8Mn4 compounds pointed out the intermediate 
valence state of Ce atoms and that both Co and Mn atoms carry magnetic moments. 
The complex magnetic structure is determined by the competition between the 
ferromagnetic (Co–Co pairs) and antiferromagnetic (Co–Mn and Mn–Mn pairs) 
interactions. In CeCoMn, Ce3Co3Mn4 and Ce3Co6Mn compounds both Ce and Co atoms 
are non-magnetic like in the isostructural compound CeCo2. Magnetic behavior is 
mostly due to the Mn moments and depends essentially on the Mn - Mn distances. 
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INTRODUCTION 

 
The problem of local moments confined to the transition metals (T) sites, 

i.e., localized behavior in some aspects of itinerant electrons, is one of the most 
important issues in the physics of the magnetic alloys and intermetallic compounds 
[1–3]. The electronic 3d band of the transition metals is determined by the overlap 
between the d orbitals of adjacent atoms and depends on the number of nearest-
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neighbors and on the hopping integral, which is very sensitive to the T–T distances [4]. 
The Mn-based alloys and compounds are assumed to exhibit a strong dependence 
of Mn-Mn exchange interaction as a function of distance between the nearest 
neighbor Mn atoms. It is well known that the Mn-Mn interaction is antiferromagnetic 
when the distance dMn-Mn is smaller than 2.8 Å [5]. 

On the other hand, in a large number of intermetallic compounds based 
on Ce and 3d-transition elements was observed a variety of anomalous behaviors 
in the lattice constants and magnetic properties due to the intermediate valence 
state of Ce ions [6–11]. Furthermore, the reported experimental data have shown the 
CeCo2 compound is an exchange-enhanced Pauli paramagnet with a spin fluctuation 
temperature Tsf higher than room temperature and this is consistent with the 
almost temperature independent magnetic susceptibility below room temperature, 
indicating that in this compound both Ce and Co atoms are non-magnetic. [12-14]. 

In the ternary metallic system Ce–Co–Mn, many intermetallic compounds 
with different crystallographic structures are reported [15]. The aim of this paper is to 
study the magnetic state of Ce, Co and Mn atoms, the nature and the intensity of the 
magnetic interactions in the six compounds from this intermetallic system and how 
these interactions depend on the number of magnetic ions in the unit cell by correlating 
the results obtained from XRD data, magnetic measurements and XPS spectra. Results 
on the individual classes of these compounds were published elsewhere [16-18]  
 
 
EXPERIMENTAL 
 
 The intermetallic compounds Ce2Co15Mn3, CeCo8Mn4, CeCo7Mn5, CeCoMn, 
Ce3Co3Mn4 and Ce3Co6Mn were prepared in a cold crucible induction furnace 
under a purified argon atmosphere. The samples were melted repeatedly in the same 
atmosphere to ensure homogeneity. The purity of the starting materials was 99.9% for 
all the constituent elements. The crystalline structure of the samples was analyzed at 
room temperature by using a D 5000 Brücker Bragg-Brentano diffractometer with 
Cu Ka radiation. The XPS spectra were recorded using a PHI 5600ci ESCA spectrometer 
with monochromatized Al Ka radiation at room temperature. The magnetic measurements 
were performed in the temperature range 4 - 550 K and in magnetic field up to 12 
T using a vibrating sample magnetometer or by extraction method. 
 
RESULTS AND DISCUSSION 
 

X-Ray diffraction (XRD) measurements showed that all the investigated 
compounds are single phases. The crystalline structure and the lattice parameters are 
as follows: Ce2Co15Mn3 - Th2Zn17 structure type, a = 8.410 Å, c = 12.328 Å, CeCo7Mn5 
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and CeCo8Mn4 - the ThMn12 structure type, a = 8.496 Å, c = 4.748 Å and a= 8.464 Å,  
c = 4.743 Å, respectively and CeCoMn, Ce3Co3Mn4 (or CeCoMn1.33) and Ce3Co6Mn 
(or CeCo2Mn0.33) - the MgCu2 structure type, a = 7.30 Å, a= 7.33 Å and a= 7.16 Å, 
respectively, the last three compounds being isostructural with the parent compound 
CeCo2 with lattice parameter a = 7.16 Å. By the Rietveld refinement one took into 
account that the atomic sites with a larger Wigner Seitz volume are expected to be 
preferentially occupied by Mn atoms, since the atomic radius of Mn atoms is larger 
than that of Co atoms (1.307 Å and 1.252 Å, respectively). For example, the 18h and 6c 
sites in Ce2Co15Mn3 and the 8i sites in CeCo7Mn5 and CeCo8Mn4 are occupied by 
the Mn atoms. The majority of the distances dCo-Co between Co atoms in all analyzed 
compounds are very close to those between the Co atoms in pure Co metal, namely 
2.50 Å. It is to note that in all compounds, except the compound CeCo2Mn0.33, 
there are positions occupied by Mn atoms for which the distance dMn-Mn is smaller 
that 2.8 Å.  

The XPS spectra of the Ce 4d core levels reflect the intermediate valence 
in Ce2Co15Mn3, CeCo8Mn4 and CeCo7Mn5 compounds. In Fig. 1, the Ce 4d spectrum 
of CeCo8Mn4 shows the multiplets arising from the interaction of the 4d hole with 
the 4f electrons, which are characteristic for all compounds with Ce in the trivalent 
states (the peaks corresponding to Ce3+ are superimposed on the Co 3s peaks at 
108.4 and 111.47 eV), and two new peaks at binding energies 118.56 and 122.04 eV. 
Similar spectrum was observed in CeCo7Mn5 and Ce2Co15Mn3 compounds. The last two 
peaks correspond to the fraction of tetravalent Ce in these three compounds. The 
spin-orbit splittings are about 3.4 eV for Ce3+ and 3.1 for Ce4+ in good agreement with 
the values measured in CeNi5 [6], CeF4 [7], CeMn4Al8 and CeMn6Al6 [19] intermediate 
valence compounds. 

 
Fig. 1. XPS spectrum of the Ce 4d and Co 3s core levels in CeCo8Mn4 
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 The exchange interaction Jdc between the core hole spin s and the 3d 
electron spin S gives rise to a satellite on the high binding energy side of the main 
line of the Co 3s spectrum [20]. The Co 3s core level spectrum shows an exchange 
splitting of about 4.2 eV (Fig. 1), which is a direct evidence of the local magnetic 
moments on Co sites. This value is close to that found in the pure Co metal, namely 
4.5 eV [21]. The exchange splitting Δex = Jdc(2S + 1) is proportional with the Co local 
moment µCo = 2S [22]. This result suggests that the Co local moment decreases 
only slightly when going from Co metal to Ce2Co15Mn3, CeCo7Mn5 and CeCo8Mn4. 
 
 

 

Fig. 2. XPS spectra of Mn 3s in CeCo7Mn5, CeCo8Mn4 and Ce2Co15Mn3 
 
 

Fig. 2 presents the curve fitting results of Mn 3s spectrum in the CeCo8Mn4, 
CeCo7Mn5 and Ce2Co15Mn3 compounds, after background subtraction. The Mn 3s 
core level spectrum shows an exchange splitting around 4.9 eV. Such splittings of 
about (4–5) eV were observed in the 3s levels of Mn atoms in various intermetallic 
compounds and alloys, like Mn1-xNixAl [19], CeMn4Al8 and CeMn6Al6 [28], MnPd1-xSbx 
[24]. For example, the exchange splitting in MnNi is about 5.2 eV and the Mn magnetic 
moment is 4 µB/Mn[25]. The values obtained for Mn 3s exchange splittings in Ce2Co15Mn3, 
CeCo8Mn4 and CeCo7Mn5 compounds indicate a mean local magnetic moment per 
Mn atom of about 3.2 µB. 

Magnetic field dependences of magnetization at T = 4 and 300 K of Ce2Co15Mn3 
compound are shown in Fig. 3. The saturation magnetizations MS determined from the 
extrapolation of magnetization to the zero field are 22.67 µB/f.u. at T = 4 K and 
18.41 µB/f.u. at T = 300 K. The magnetization as a function of temperature for 
Ce2Co15Mn3 is shown in the inset of Fig.3. 
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Fig. 3. Magnetization curves of Ce2Co15Mn3 at 4 and 300 K in magnetic fields up to 10 T.  

In the inset is shown de temperature dependence of the magnetization 
 

The Curie temperature TC of Ce2Co15Mn3 is determined to be 740 K from 
the temperature dependence of M2 (T) according to the mean field approach. This 
value is smaller than the Curie temperature TC = 772 K found in Ce2Co15Mn2 
compound, which crystallizes in the Th2Ni17 structure type [26]. The values and 
variations of magnetization of Ce2Co15Mn3 with field and temperature suggest 
that this compound has a ferromagnetic behavior below the Curie temperature TC. 
The coupling between the Co atoms from different sites is ferromagnetic as usual 
for Co containing intermetallic, while between the Co and Mn atoms can be expected 
to be antiferromagnetic. Since the distances between the 18f sites d18f–18f (sites 
partially occupied by the Mn atoms) in Ce2Co15Mn3 are smaller than this critical 
distance, there are some antiferromagnetic Mn–Mn pairs, like in many others Mn 
based alloys and intermetallic compounds [23, 27]. The antiferromagnetic interactions 
lead to a decrease of the Curie temperature and of the saturation magnetization per 
unit formula of Ce2Co15Mn3 in comparison with values found in Ce2Co17 compound 
(TC = 1100 K and MS = 26.1 B/f.u.) [26]. The competition between these three 
kinds of interaction Co– Co (the dominant one), Co–Mn and Mn–Mn is expected 
to lead to a non parallel arrangement of the Mn moments relative to Co moments, 
which explains the obtained value for the saturation magnetization in Ce2Co15Mn3. 

Although the XPS spectra indicate similar electronic structure of Co and 
Mn atoms in CeCo7Mn5 and CeCo8Mn4, which suggests close values of the local 
magnetic moments per Co and respectively Mn atoms, the difference in the number of 
Co and Mn atoms per unit formula leads to very different values of magnetization 
as a function of magnetic field and temperature.  
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The magnetic field dependences of magnetizations recorded for temperatures 
between 5 K and 300 K for CeCo7Mn5 and CeCo8Mn4 (in the inset) are shown in 
Fig. 4 and their temperature dependences in Fig. 5. The values and the variations of 
magnetizations with field suggest an antiferromagnetic coupling between the transition 
metal moments located on different sublattices. The dM/dT curve for CeCo7Mn5 exhibits 
one local minimum near TC  45 K, ascribed to the ferromagnetic Co - Co coupling 
and a local maximum near TN  150 K, which can be ascribed to the antiferromagnetic 
Mn - Mn coupling. The magnetization of CeCo8Mn4 does not reach saturation 
even at high fields, but the values of spontaneous magnetization Msp are much 
higher than those of CeCo7Mn5. As an example, at 4 K, Msp = 2.6 µB/f.u for 
CeCo8Mn4, in comparison with Msp = 0.7 µB/f.u for CeCo7Mn5. The dM/dT curve for 
CeCo8Mn4, shown in the inset of Fig. 5, exhibits one local maximum near TN  100 
K and one local minimum near TC  173 K, ascribed like for CeCo7Mn5 to the 
antiferromagnetic and ferromagnetic ordering of the 3d magnetic moments. The 
magnetic susceptibilities for CeCo7Mn5 and CeCo8Mn4, measured in the 
temperature range 300 - 550 K, fit a Curie - Weiss law plus a small additional 
temperature - independent term with the parameters given in Table 1. From the 
correlation of the total Curie constants for the two compounds C = CCo + CMn 
results the effective magnetic moments per Co and Mn atoms and the values are 
given in Table 1. 

 

 
Fig. 4. Magnetization curves of CeCo7Mn5 and CeCo8Mn4 (inset) for temperatures  

between 4 K and 300 K in magnetic field up to 12 T. 
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Fig. 5. Temperature dependence of magnetizations for CeCo8Mn4 and CeCo7Mn5  

in 2 T magnetic field. The inset shows the dM/dT curves. 
 

Table. 1. Magnetic characteristics of the intermetallic compounds  
from the ternary system Ce-Co-Mn. 

Compound  TC 
(K) 

TN

(K) 
µCo

(µB) 
µMn

(µB) 
µeff

Co

(µB) 
µeff

Mn 
(µB) 

θ 
(K) 

Ce2Co15Mn3 740 - 1.5  3.2  
CeCo8Mn4 173 100 1.6 3.2 2.4 4.08 240 
CeCo7Mn5 45 150 1.6 3.2 2.4 4.08 -175 
CeCoMn - 44 - - 3.12 -122.1 
CeCoMn1.33 - 44 - - 3.22 -183.3 
CeCo2Mn0.33 - - - - - 4.1 -1 
 

Fig. 6 shows the temperature dependence of magnetization for CeCoMn 
and CeCoMn1.33 compounds measured in an applied magnetic fields of 1T and 2T. 
The M(T) curves exhibit a maximum around 44 K and 35 K, respectively, revealing 
the antiferromagnetic behavior of the two compounds. Since the Ce and Co atoms 
do not carry any ordered magnetic moment, like in CeCo2, the magnetic behavior 
of these alloys is due to the interactions between the Mn local moments. The 
nearest neighbor Mn-Mn distance between Mn atoms in both alloys is about 2.6 Å, 
smaller than the critical value, what explains the antiferromagnetic interaction between 
the neighboring Mn atoms. The upturn of the M(T) curves at lower temperatures 
is due to traces of magnetic impurities. In contrast with the CeCoMn and CeCoMn1.33 

compounds, M (T) for CeCo2Mn0.33 reveals the paramagnetic behavior of this compound 
in the temperature range 5 K - 300 K. The magnetic susceptibility of CeCoMn and 
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CeCoMn1.33 compounds for T> 100 K and of CeCo2Mn0.33 in the measured temperature 
range may be described with a Curie - Weiss law plus an additional temperature - 
independent term o, as one can see from  the inset of Fig .6, where  1/( - o) is 
plotted as a function of the temperature. The values of the effective magnetic 
moments of Mn atoms and of the paramagnetic Curie temperatures are listed in 
Table 1. The value of the paramagnetic Curie temperature suggests that the interaction 
between the Mn local magnetic moments in CeCo2Mn0.33 is negligible. This was to 
be expected due to a larger distance between the Mn moments in comparison with 
that found in the other two compounds CeCoMn and CeCoMn1.33, which are much 
richer in Mn. In the case of CeCo2Mn0.33 alloy, the Mn atoms are diluted in the CeCo2 
matrix and consequently are only expected to be found as second near neighbors. 

 
Fig. 6. Temperature dependence of the magnetization for CeCoMn and CeCoMn1.33 and 
the temperature dependence of the reciprocal susceptibilities for CeCoMn, CeCoMn1.33 
and CoCo2Mn0.33. In the inset is shown the temperature dependence of CeCo2 susceptibility. 

 
 
CONCLUSIONS 
 

XPS spectra of Ce2Co15Mn3, CeCo7Mn5 and CeCo8Mn4 compounds pointed 
out the intermediate valence state of Ce ions and that both Co and Mn atoms 
carry magnetic moments. The complex magnetic structure of these three compounds 
is determined by the competition between the ferromagnetic (Co-Co pairs) and 
antiferromagnetic (Co-Mn and Mn-Mn pairs) interactions. The substitution of Co 
by Mn atoms leads to the decrease of the ferromagnetic interactions and to the 
increase of the antiferromagnetic interactions. 
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 Both Ce and Co atoms are non-magnetic in CeCoMn, Ce3Co3Mn4 and 
Ce3Co6Mn like in the isostructural parent compound CeCo2. Magnetic behavior of 
these three compounds is mostly due to the Mn moments and depends essentially on 
the Mn - Mn distances. The interaction between the Mn moments is antiferromagnetic 
in CeCoMn and Ce3Co3Mn4, but a paramagnetic behavior for Ce3Co6Mn was evidenced 
in the studied temperature range. 
 
ACKNOWLEDGMENTS 

This work was supported by the Romanian Ministry of Education and 
research – UEFISCDI Project No. PN- II-ID-PCE-2012-4-0470 
 
 

REFERENCES 
 
 
[1] P.W. Anderson, Phys. Rev., 124, 41 (1961). 
[2] V.Yu. Irkhin, M.I. Katsnelson, A.V. Trefilov, J. Phys.: Cond. Matter 5, 8763 (1993).  
[3] J. Kübler, Theory of Itinerant Electron Magnetism, Oxford Sciences Publications, 2000. 
[4] J. Mathon, Contemp. Phys., 32, 143 (1991). 
[5] A. Kjekshus, R. Mollebud, A.F. Andresen, W.B. Pearson, Phil. Mag., 16, 1063 (1967). 
[6] J.C. Fuggle, F.U. Hillebrecht, Z. Zolnierek, R. Läser, Ch. Freiburg, O. Gunnarsson, K. 

Schönhammer, Phys. Rev. B, 27, 7330 (1983). 
[7] Y. Baer, Ch. Zürcher, Phys. Rev. Lett., 39, 956 (1977). 
[8] J. Röhler, X-ray absorption and emission spectra, in: K.A. Gschneidner, J.R.Eyring, S. 

Hüfner (Eds.), Handbook on the Physics and Chemistry of Rare Earths, North-Holland, 
Amsterdam, 1987, pp. 453. 

[9] O. Isnard, S. Miraglia, D. Fruchart, C. Georgetti, S. Pizzini, E. Dartyge, J.P.Kappler, G. Krill, 
Phys. Rev. B, 49, 15692 (1994).  

[10] O. Isnard, S. Miraglia, D. Fruchart, C. Giorgetti, E. Dartyge, G. Krill, J. Phys.: Condens. 
Matter 8, 2437 (1996).  

[11] R.D. Parks, S. Raaen, M.L. denBoer, V. Murgai, T. Mihalisin, Phys. Rev. B, 28, 3556 (1983). 
[12] Y. Aoki, T. Nishigaki, H. Sugawara, H. Sato, Phys. Rev. B, 55, 2768l (1997). 
[13] A. S. Panfilov, G. E. Grechnev, I. V. Svechkarev, H. Sugawara, H. Sato, O. Eriksson, Physica 

B, 319, 268 (2002). 
[14] T. M. Seixas, J. M. Machado da Silva, Physica B, 269, 362 (1999). 
[15] P. Vilars, L.D. Calvert, in: Pearson’s Handbook of Crystallographic Data for Intermetallic 

Phases, second ed., ASM International, Materials Park, OH, 1991. 
[16] A. Popescu, O. Isnard, R. Dudric, M. Coldea, J. Alloys Compd., 535, 10 (2012). 
[17] R. Dudric, A. Popescu, O. Isnard, M. Coldea, Intermetallics, 38, 150 (2013). 
[18] R. Dudric, A. Popescu, O. Isnard, V. Pop, M. Coldea, Acta Phys. Pol., 2015 (in press). 



R. DUDRIC, A. POPESCU, O. ISNARD, M. NEUMANN, V. POP, M. COLDEA 
 
 

 
30 

[19] M. Coldea, M. Neumann, St. Lütkehoff, S. Mähl, R. Coldea, J. Alloys Compd., 278, 72 
(1998). 

[20] S. Hüfner, Photoelectron Spectroscopy Principles and Applications, Springer Verlag, Berlin, 
1995. 

[21] P.D. Johnson, Y. Liu, Z. Xu, D.J. Huang, J. Electron. Spectrosc. Relat. Phenom., 75, 245 (1995). 
[22] G. Garreau, V. Schorsch, E. Beaurepaire, J.C. Parlebas, O. Speder, P. Rennert, J. Phys. IV 

Colloque C9. 4, 127 (1994). 
[23] V. Rednic, M. Coldea, S.K. Mendiratta, M. Valente, V. Pop, M. Neumann, L. Rednic, J. Magn. 

Magn. Mat., 321 3415 (2009). 
[24] R. Pacurariu, M. Coldea, M. Neumann, V. Pop, O. Isnard, M. Räkers, Phys. Stat. Sol., B 

244, 3190 (2007).  
[25] L. Pál, E. Krén, G. Kádár, P. Szabó, T. Tarnóczi, J. Appl. Phys., 39 538 (1968). 
[26] Zhi-gang Sun, Hong-wei Zhang, Bing Liang, Jing-yun Wang, Bao-gen Shen, J. Appl. Phys., 

87, 5311 (2000). 
[27] V. Rednic, L. Rednic, M. Coldea, V. Pop, M. Neumann, R. Pacurariu, A.R. Tunyagi, Cent. Eur. 

J. Phys., 6, 434 (2008).  


