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The Ce,Feq7_xMny (x=0-2) compounds demonstrate a complex temperature dependence of the mag-
netocaloric effect MCE, which is inverse in a narrow temperature interval just below Néel temperature
Tn and normal at higher or lower temperatures. The normal MCE exhibits two peaks in the vicinity of
temperatures of ferromagnetic ordering ®r and Ty for compositions x=0-0.35, 1.3-2 or one peak near
Tn for antiferromagnets with x=0.5-1. The maximal change of the peak entropy —Sy is about 3J/kg K in
a field of 5T for the compounds with x=0-0.5 at T ~230K close to Ty. The drastic decrease of the MCE,
by half, in the Ce,Fe17_xMny system is traceable to a decrease of the spontaneous magnetization and the
helical type of magnetic states in the compounds.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic refrigeration based on the magnetocaloric effect
(MCE) is currently a topic of growing interest because of the refrig-
eration efficiency, reliability and environmental safety [1-6]. The
discovery of a giant MCE due to a magnetic transition in Gd [1],
GdsSiyGey [2], MnFeP;_xAsy [3], Ni;MnGa [4] and LaFe;3_,SixHy
[5,6] opened up the possibility of magnetic refrigeration near room
temperature. The studies have indicated that a large MCE is often
intrinsic to the materials with large magnetic moments. In the
vicinity of magnetic phase transition, the MCE depends strongly on
its type and the strength of the applied magnetic field; particularly,
when we deal with antiferromagnetic materials. It is believed that,
for the refrigeration purposes, the best materials are ferromagnets
or antiferromagnets.

The R,Fe;7 intermetallic compounds, where R represents a rare
earth element, have attracted interest as magnetocaloric materials
due to their large magnetization, magnetic ordering temperature
close to room temperature, low cost of their principal component,
easy fabrication, and the absence of hysteresis in magnetic field
[7,8]. The peak entropy change is slight in the RyFeq; binaries
[9,10], but it can be increased by means of variation of composi-
tion, involving small amounts of impurities [10-13]. A large MCE
in RyFeq7_xCoyx, Ces_xRxFeq7, Prig:xFego_x and other series has been
demonstrated [11-13]. In Prq 5Ceq5Feq7, the MCE is about one-half
that in Gd [12]. It is of interest that the enhancement of the MCE in
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the LuyFey7_xMny (x=0-2) system is due to approaching the first-
and second-order magnetic phase transitions to each other [14].

The magnetic phase diagram of the Ce;Fe 7_xyMny, x=0-2 sys-
tem is rich and rather unusual for the rare earth - transition metal
intermetallic compounds [15-22]. The Ce,Fe;7_yMn, compounds
with small Mn concentrations (x <0.5) are ferromagnets at low tem-
peratures and helical antiferromagnets at high temperatures. The
compounds with x=0.5-1 are helical antiferromagnets and those
with x=1.3-2 are helical ferromagnets or helical antiferromagnets
at low and high T, respectively. The Néel temperature Ty of the
CeyFe17_xMny compounds decreases almost monotonously with
increasing Mn content, whereas the change of the temperature
of ferromagnetic ordering ®1(x) is non-monotonous, and Ty and
®r are approaching each other for the compositions x=1.3-2 sim-
ilarly to the case of the Lu,;Fe17_xMny system [14]. So, it would be
interesting to study the influence of Mn doping on the MCE in the
CeyFeq7_xMny system.

In this paper we report on the measurements of magnetic prop-
erties of Ce,Feq7_xMny, x=0-2 in a magnetic field up to 5T and at
temperatures of the spontaneous magnetic phase transitions. This
would allow us a better understanding of the interrelation between
the magnetic phase transitions and the MCE. The next our paper
will be devoted to the MCE in the Ce,Fe 7_xMnyH, hydrides where
the Curie temperature and spontaneous magnetization rise sharply
with Mn content [20,23-25].

2. Experimental details

The Ce,Feq7_xMn, compounds, x=0,0.35,0.5,0.75,1,1.3,1.7,2 were prepared by
induction melting in alumina crucibles under argon atmosphere. The ingots were
homogenized at 1173 K for three days. According to X-ray analysis, all the com-
pounds have a rhombohedral structure of the Th,Zn;7 type and also contain less
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Table 1

Transitions temperatures @ and Ty, saturation magnetization Mg, at 4K [21], peak entropy change —ASy in 5T field and the temperature Tmax of this peak appearance in

CEZ FE]7,XMI'IX.

p Or (K) T (K) Maae, (up) at 4K —ASy (J/kgK)in 5T Timax (K)in 5T
0 94.4 204 30.8 2.97 220
0.35 22 209 29.1 2.73 220
0.5 - 208 28.22 2.95 230
0.75 - 206 27.32 2.65 230
1 - 198 25.92 2.19 220
13 9 188 23.7 2.09 210
1.7 546 1806 23.0 167 200
2 80 168 21.0 1.50 190

a For field-induced ferromagnetic state.

than 1 wt.% of @-Fe as an impurity phase. The temperature dependences of magne-
tization M(T) were measured for the polycrystalline samples in a field of 0.01 T in the
temperature range of 2-300 K. The temperatures of the magnetic phase transitions
were determined from the magnetization M(T) dependences: Ty, as a maximum,;
@r, from the kink in M(T). The M(H) dependences were measured by SQUID on the
polycrystalline samples in the fields up to 5T at various temperatures in the vicinity
of the transition temperatures. The saturation magnetization Ms,;, was determined
by extrapolation of the experimental dependences M(1/H) to 1/H— 0.

3. Experimental results

Magnetic parameters of the Ce,;Fe;7_xMny (x =0-2) compounds
obtained in the paper presented are collected in Table 1. The tran-
sition temperatures are about the same published in Ref. [15]. The
saturation magnetizations were determined in fields up to 40T in
Ref. [21].

In Fig. 1, the field dependence of the magnetization isotherms,
M(H), at several temperatures in the vicinity of the magnetic phase
transitions are shown for Ce,Fe;5Mny. The M(H) dependences for
the samples with x=0, 0.35, 1.3, 1.7 are similar; therefore, they
are not shown here. The M(H) curves for Ce,Fe g5Mngs are pre-
sented in Fig. 2. They are similar to another antiferromagnets
CeyFeq625Mng 75 and CeyFeigMn.

A noticeable magnetic hysteresis of the M(H) curves over the
whole range of applied magnetic fields was observed for the
compositions x=0.5-2 with helical magnetic structures and was
explained mainly by irreversible deformation of the helixes dur-
ing magnetization [21]. This hysteresis is most evident at low
T and H and quickly diminishes when temperature increases
(Figs. 1 and 2). At the temperatures near Ty the demagnetization
curves of Ce;Feg5Mng 5 lie lower as compared with the magneti-
zation ones. Most likely, this inversion of the magnetic hysteresis in
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Fig. 1. Magnetization isotherms of Ce,Fe;sMn,. The temperature step is 10K in the
vicinity of Ty, and 20K for the range far below Ty. Inset: the low-field part of the
magnetization (open symbols) and demagnetization (solid symbols) curves.
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Fig. 2. Magnetization (open symbols) and demagnetization (solid symbols)
isotherms of Ce;Fej65Mng s in temperature range 80-270 K. The temperature step is
20K in the range 80-200K and 10K in the range 200-270K. Isotherms on decreas-
ing field are measured only in the vicinity of Ty. Inset: the high-field part of the
magnetization curves.

Ce,Fe1g5Mng 5 at T ~Ty is caused by the MCE which is stronger in
this compound as compared with Ce;Fe;5Mn, where such inver-
sion does not exist.

A metamagnetic transition occurs for all Ce;Fe;7_xMny helical
antiferromagnets in the temperature range ®&r<T<Ty in a criti-
cal magnetic field H¢r, The field-induced magnetic phase transition
from the helical antiferromagnet to ferromagnet was confirmed
by the neutron diffraction technique for the compounds with
x=0.5,1, 1.7 [17,19]. The metamagnetic character of the magneti-
zation process has been observed earlier for all compounds having
helical antiferromagnetic structure, for example, for the Ce,Fe;;
and LuyFe;7 binary compounds [10,26,27]. The temperature
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Fig. 3. Temperature variations of the critical magnetic field H;. for Ce;Fe7-xMny
compounds with x=0, 0.35, 0.5, 0.75, 1, 1.3, 1.7, 2.
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Fig. 4. Temperature dependence of magnetic entropy change —ASw(T) for Ce,Feq7
under different external field 5, 4, 3, 2, 1, 0.8, and 0.6 T (top-down).

dependences of H;, values estimated for the Ce,Fe;7_yMny com-
pounds are shown in Fig. 3. The critical field varies in the range
~(0.1-0.8) T with increasing temperature. All H..(T) dependences
are similar in appearance and have a maximum at the temperature
Ty ~150K just below Ty.

The isothermal magnetization M(H) measurements allow us to
calculate the magnetic-entropy changes as a function of tempera-
ture in vicinity of the magnetic transition. The isothermal magnetic
entropy change ASy can be obtained from the Maxwell relation [1]:

Hrsm
AS (T,H):/ () dH (1)
M o \OT ),

Since 3M/OT peaks at the magnetic ordering temperature, a large
MCE (1) is expected in the vicinity of the magnetic phase tran-
sition. Figs. 4-7 illustrate the magnetic entropy change for the
CeyFeq7_xMny compounds with x=0, 0.35, 0.5, 2 as a function of
temperature and external field. For x=0, 0.35 and 2 compounds,
—ASp\(T) is found to exhibit two peaks around approximately ®r
and Ty (Figs. 4-6). There is a single —ASy(T) peak near Ty for
the antiferromagnet with x=0.5 (Fig. 7). The external field slightly
shifts the maximal values —ASy; toward higher T (Figs. 4-7). For
the Ce,Fe 7 binary compound, our data are similar to those in Ref.
[10].
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Fig. 5. Temperature dependence of magnetic entropy change —ASw(T) for
Ce,Feq6.65Mng 35 under different external field 5, 4, 3, 2, 1, 0.8, and 0.6 T (top-down).
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Fig. 6. Temperature dependence of magnetic entropy change —ASw(T) for
Ce,Fe65Mng5 under different external field 5, 4, 3, 2, 1, and 0.6 T (top-down).

The peak entropy change —ASy, in a field of 5T and the temper-
ature Tpax of the peak appearance in the Ce;Feq7_xMnyx compounds
are collected in Table 1. The maximal value of the —ASy is about
3J/kgK in a field of 5T at Tmax=220-230K for the composi-
tions x=0-0.5 having maximal Néel temperatures. The MCE in the
CeyFeq7_xMny (x=0-2) system decreases drastically by half with
increasing content of Mn irrespective of the type of ground mag-
netic state in the compounds.

The magnetic-entropy changes — ASy(T) exhibit a complex tem-
perature behavior for all the Ce,Fe;7_xMn, compounds. They have
negative values (the inverse magnetocaloric effect) in the tempera-
ture Ty < T< Ty and field H < H¢r, ranges, whereas at higher or lower
temperatures, they are positive (normal magnetocaloric effect).
Usually, applying magnetic field results in lowing of magnetic
entropy. In materials with the inverse MCE, an adiabatic applica-
tion of magnetic field actually cools the sample. One can infer that
the magnetic structure of the alloys in the ranges Ty <T<Ty and
H<H. is somewhat different from that for temperatures T<Ty
where the normal MCE is realized (Figs. 4-7). Perhaps, the nega-
tive exchange became weaker in the temperature range Ty < T< Ty,
and the applied field decouples some of the anti-parallel oriented
Fe/Mn spins, causing an increase in the disorder of the spin sys-
tem and raising the magnetic entropy. The inverse magnetocaloric
effectis maximal for the helical antiferromagnets with x=0.5-1. For
x=0.5, the magnetic-entropy change —ASy(T) shows the inverse
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Fig. 7. Temperature dependence of magnetic entropy change —ASw(T) for
Ce,Fe1sMn; under different external field 5, 4, 3, 2, 1, 0.6, and 0.2 T (top-down).



6766 A.G. Kuchin, W. Iwasieczko / Journal of Alloys and Compounds 509 (2011) 6763-6767

magnetocaloric effect in the temperature range from 150 up to
220K with a maximal value of —0.13]J/kgK in 0.6T field at 200K
(Fig. 6).

4. Discussion

The monotonic decrease of the MCE in the CeyFeq7_xyMny sys-
tem with increasing Mn content can be conditioned by a monotonic
decrease of the magnetic moment in the alloys both spontaneous in
ferromagnetic with x=0-0.35, 1.3-2 and field-induced in antifer-
romagnetic with x=0.5-1 (Table 1). In the classical molecular-field
theory, the magnetocaloric effect depends quadratically on mag-
netization.

The helical magnetic structure and inhomogeneous magnetic
state condition low dM/8T values in (1) near the temperatures of
the spontaneous magnetic phase transitions and, thus, also con-
tribute to a drastic decrease, by half, of the MCE in the Ce,Fe17_xMny
compounds with x=0.5-2. The non-collinear ferromagnetic state
(spontaneous or field-induced) in these compositions is retained
up to the fields of 15-40T at T=4K [21]. The neutron diffraction
study indicated a helical magnetic structure in the field-induced
ferromagnetic state in the compounds with x=0.5-2 [17,19].

The magnetic structures of the CeyFeq53Mn;7 compound at
T<®r and in the range (®r-Ty) are characterized by the same
set of magnetic satellites [19]. The neutron diffraction patterns
in these two temperature ranges differ only quantitatively by the
ferromagnetic contribution on the top of the (00 3) nuclear reflec-
tion. The latter exists already at Ty and develops gradually with
decreasing T. Both lattice parameters a and ¢ show no crucial
changes at the ferromagnetic ordering temperature &1 contrary
to the CeyFeq7_xMny compounds with x<0.5, where pronounced
anomalies of the parameters were found around ®t [16,19]. Thus,
no fundamental changes in the magnetic and structural parameters
of CeyFe53Mn; 7 were observed after lowering the temperature
below ®&r, and the transition originates when the ferromagnetic
contribution reaches some critical value.

Owing to the similarity of the helical magnetic structure of both
ferromagnetic and antiferromagnetic states in the Ce;Feq7_xMny
compounds with x=1.3-2, the magnetic phase transition at
T=@r is strongly broadened in low magnetic fields and then
disappears starting with ~0.5T field, as one can see in M(T)
curves in Refs. [24,25]; so only the phase transition the “induced
ferromagnet-paramagnet” type remains. This is why the higher-
temperature transition in these compounds displays a much larger
magnetic entropy change than that accompanying the lower-
temperature transition starting with about 1.5 T field (Fig. 7).

On the contrary, in the CeyFei7_yMny compounds with
x=0-0.35 the magnetic phase transition at T= &1 between ground
collinear ferromagnetic state and helical antiferromagnetic one is
rather abrupt [26,28] and characterized by higher 8M/8T values in
comparison with those with x =1.3-2 [24,25]. Therefore, two peak
values of —ASy(T) at @1 and Ty are similar in high fields for the
compounds with x=0-0.35 (Figs. 4 and 5).

It is of interest to compare the MCE in the CeyFei7_yMny
and LupFei7_xMny [14] analogous systems. The LujFe;7_yMny
compounds with x=0-0.5 are ferromagnets at low tempera-
tures and antiferromagnets at high temperatures with a nearly
constant Néel temperature Ty ~278 K. The temperature of the
“ferromagnet-antiferromagnet” phase transition rapidly increases
from 135K with growing content of Mn, and the compounds from
the range x=0.7-2 are ferromagnets only with the practically
unchanged Curie temperature, Tc(0.7)=287 K. A non-monotonic
variation of the MCE with a maximal value for the compo-
sition x=0.7 has been obtained in the Lu,Fe;7_yMny system.
The peak entropy change —ASy is 3.6]/kgK at T=300K in

the LuyFeig3Mng; compound, as estimated from the isother-
mal magnetization data taken in the field 5T. The increase
of the MCE in the LuyFe;7_yMny system may be conditioned
by the fact that the low- and high-temperature magnetic
phase transitions of the “ferromagnet-antiferromagnet” and
“antiferromagnet-paramagnet” type, respectively are moving
closer. These first- and second-order magnetic transitions merge
for the composition Lu,Fe163Mng 7, where the associated entropy
change is maximal. A monotonic decrease of the spontaneous mag-
netization in the LuyFeq7_yMny system causes the decrease of the
MCE in the compositions with x>0.7.

OT and Ty also approach each other in the Ce;Feq7_xMny,
x=1.3-2 compounds with increasing content of Mn, but —ASy
does not increase, unlike the case of the LuyFe17_xMny system. This
discrepancy may be determined by different types of the ground
magnetic state (collinear ferromagnetic in Lu,Feq7_yMny and heli-
cal ferromagnetic in Ce,Fe;7_yMny with x=1.3-2). Therefore, in
order to increase the MCE in the Ce,Fe;7_yMny system, the helical
ferromagnetic state should be transformed in collinear ferromag-
netic one. To verify the validity of this conception, the MCE of the
CeyFeq7_xMnxH, hydrides will be studied in the next our paper.
Earlier, we have shown that hydrogenation leads to the ferromag-
netism strengthening in the Ce,Fe;7_xMnyHy system [20,23-25].

5. Conclusion

The magnetic-entropy changes — ASyi(T) exhibit a complex tem-
perature behavior in the Ce,Feq7_yMny (x =0-2) compounds. They
have small negative values (the inverse MCE) in a narrow tempera-
ture interval just below the Néel temperature and in fields lower the
critical one for the metamagnetic transition, whereas they are posi-
tive at higher or lower temperatures (the normal MCE). The normal
MCE exhibits two peaks in the vicinity of @1 and Ty for the composi-
tions x =0-0.35, 1.3-2 or one peak near Ty for the antiferromagnets
with x=0.5-1.

The maximal value of the peak entropy change —ASy is about
3J/kgK in a field of 5T for the compositions x=0-0.5 at T ~230K
close to the Néel temperature. The peak entropy change decreases
drastically by half in the Ce;Feq7_yMny (x=0-2) system, which is
due to a monotonic decrease of magnetization with increasing Mn
content. The helical magnetic structures in the compounds also
contribute to the low MCE values causing a strong broadening of
the magnetic phase transitions under magnetic field. Although in
the CeyFe17_yMny (x=1.3-2) compounds ®t and Ty approach each
other similarly to the LuyFeq7_yMny system, the enhancement of
the MCE obtained in the latter system is not reproduced in the for-
mer one. The ferromagnetism strengthening is required to increase
the magnetocaloric effect in the Ce,Fe17_xMny helical magnets. The
validity of this conception will be verified in the next our paper
devoted to MCE in the Ce,Fej7_xMnyHy hydrides.

Acknowledgements

This work was partially supported by UD RAS (project no. 09-P-
2-1008).

References

[1] S.Yu. Dan’kov, A.M. Tishin, V.K. Pecharsky, K.A. Gschneidner Jr., Phys. Rev. B 57
(1998) 3478.

[2] V.K. Pecharsky, K.A. Gschneidner Jr., Phys. Rev. Lett. 78 (1997) 4494.

[3] O. Tegus, E. Bruck, K.H.J. Buschow, F.R. de Boer, Nature 415 (2002) 150.

[4] X.Zhou, Wei Li, H.P. Kunkel, Gwyn Williams, . Phys.: Condens. Matter 16 (2004)
L39.

[5] A.Fujita, S. Fujieda, Y. Hasegawa, K. Fukamichi, Phys. Rev. B 67 (2003) 104416.

[6] Y. Chen, F. Wang, B. Shen, F. Hu, J. Sun, G. Wang, Z. Cheng, ]. Phys.: Condens.
Matter 15 (2003) L161.

[7] K.HJ. Buschow, Rep. Prog. Phys. 40 (1977) 1179.



A.G. Kuchin, W. Iwasieczko / Journal of Alloys and Compounds 509 (2011) 6763-6767 6767

[8] W.E. Wallace, Prog. Solid State Chem. 16 (1985) 127.
[9] H. Chen, Y. Zhang, ]. Han, H. Du, C. Wang, Y. Yang, ]. Magn. Magn. Mater. 320
(2008) 1382.
[10] X.Zhou, W.Jiang, H.P. Kunkel, Gwyn Williams, ]. Magn. Magn. Mater. 320 (2008)
930.
[11] H. Osterreicher, E.T. Parker, J. Appl. Phys. 55 (1984) 4334.
[12] S.G.]Jin, L.M. Liu, Y.L. Wang, B.X. Chen, ]J. Appl. Phys. 70 (1991) 6275.
[13] K. Pawlik, I. Skorvanek, J. Kovac, P. Pawlik, ].J. Wyslacki, O.I. Bodak, J. Magn.
Magn. Mater. 304 (2006) e510.
[14] A.G. Kuchin, W. Iwasieczko, Solid State Commun. 150 (2010) 1580.
[15] A.G. Kuchin, A.N. Pirogov, V.I. Khrabrov, AE. Teplykh, A.S. Ermolenko, E.V.
Belozerov, ]. Alloys Compd. 313 (2000) 7.
[16] O.Prokhnenko, C. Ritter, Z. Arnold, O. Isnard, ]. Kamarad, A. Pirogov, A. Teplykh,
A. Kuchin, J. Appl. Phys. 92 (2002) 385.
[17] A.Teplykh, A. Pirogov, A. Kuchin, O. Prokhnenko, C. Ritter, Z. Arnold, O. Isnard,
Appl. Phys. A 74 (Suppl.) (2002) S577.
[18] O.Prokhnenko, C. Ritter, Z. Arnold, O. Isnard, A. Teplykh, J. Kamarad, A. Pirogov,
A. Kuchin, Appl. Phys. A 74 (Suppl.) (2002) S610.

[19] O.Prokhnenko,Z. Arnold, J. Kamarad, C. Ritter, O. Isnard, A. Kuchin, J. Appl. Phys.
97 (8) (2005) 113909.

[20] O. Prokhnenko, Z. Arnold, A. Kuchin, C. Ritter, O. Isnard, ]. Kamarad, W.
Iwasieczko, H. Drulis, J. Appl. Phys. 100 (9) (2006) 013903.

[21] A.G. Kuchin, N.V. Mushnikov, M.I. Bartashevich, O. Prokhnenko, V.I. Khrabrov,
T.P. Lapina, ]. Magn. Magn. Mater. 313 (2007) 1.

[22] A.E.Teplykh, A.N. Pirogov, A.G. Kuchin, Phys. Solid State 52 (2010) 922.

[23] S.A. Nikitin, LS. Tereshina, N. Yu. Pankratov, D.O. Louchev, G.S. Burkhanov, A.G.
Kuchin, W. Iwasieczko, H. Drulis, ]. Alloys Compd. 365 (2004) 80.

[24] W. Iwasieczko, A.G. Kuchin, H. Drulis, J. Alloys Compd. 392 (2005)
44

[25] W.Iwasieczko, A.G. Kuchin, L. Folcik, H. Drulis, J. Alloys Compd. 404-406 (2005)
155.

[26] K.H.J. Buschow, ].S. van Wieringen, Phys. Status Solidi 42 (1970) 231.

[27] D. Givord, R. Lemaire, IEEE Trans. Magn. MAG-10 (1974) 109.

[28] A.G.Kuchin, A.S. Ermolenko, V.I. Khrabrov, Phys. Met. Metallogr. 86 (3) (1998)
276.



	Magnetocaloric effect in the Ce2Fe17−xMnx helical magnets
	Introduction
	Experimental details
	Experimental results
	Discussion
	Conclusion
	Acknowledgements
	References


