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Magnetic phase diagrams of Ce2Fe17−xMnx–H system:
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Abstract

The field-induced magnetic phase transitions of the helical phase of Ce2Fe17−xMnx alloys (x = 1.3 and 1.7) and their hydrides of
C r-
a ) state
a sitions
o es. Hydro-
g temperature
a
©

K

1

s
p
c
m
m
h
m
t
h
s
o
p
t

ses
eristic
lical
m
allel
ts of
per-
nt of

sitive
own

s and
ential
c
tions

se of
, in
led

0
d

e2Fe17−xMnxHy (y = 1) were investigated by isofield magnetization curves in external magnetic fields up toH = 10 kOe. The tempe
ture dependence of the critical fields,HC inducing phase transition between ferromagnetic (F) and helical antiferromagnetic (HAFM
re determined. On the basis of the experimental results, theH–T phase diagrams are established. The multiple magnetic phase tran
bserved in the low magnetic field are discussed in terms of competing exchange contributions within the iron magnetic sublattic
enation leads to a considerable enhancement of ferromagnetic-like exchange interactions, which causes the increase of the Curie
nd drastically reduces the critical fieldHC of a metamagnetic transition.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Among the binary R2Fe17 compounds the Ce2Fe17 and its
olid solutions with other 3d metals exhibit unique magnetic
roperties[1]. A general characteristic of binary Ce2Fe17
ompound is that the cerium atoms carry no magnetic
oment [2] hence the Fe sublattice fully determines the
agnetic properties. Previous neutron diffraction studies[1]
ave shown that Ce2Fe17 compound undergoes successive
agnetic phase transitions, accompanied by changes of

he ordering mode which is from paramagnetic state to
elicoidal antiferromagnetic and finally to the ferromagnetic
pin structure at low temperatures. The thermal variation
f the magnetization under a field of 100 Oe for Ce2Fe17 is
eculiar[3]. A magnetization peak characteristic of a Néel

emperature is observed atTN = 206 K. Another anomaly
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at TT = 94 K where magnetization strongly increa
corresponds to the spontaneous magnetization charact
for ferromagnetic ordering. In the antiferromagnetic he
phase betweenTN and TT the magnetic moments for
ferromagnetic layers with a resulting magnetization par
to the basal plane. The direction of the magnetic momen
the layers rotates from layer to layer according to a tem
ature dependent angle of rotation. Such an arrangeme
magnetic moments is due to a compromise between po
and negative Fe–Fe exchange interactions. It is well kn
that in magnetic iron compounds, the Fe–Fe distance
the number of nearest neighbour Fe atoms play ess
roles. It has been established that in Ce2Fe17 the magneti
structure is determined by the shortest Fe–Fe interac
[1].

The intermetallic R2Fe17−xMnx solid solution with
the manganese have attracted large attention becau
the very interesting magnetic behaviour. For example
Gd2Fe17−xMnx compounds, the Mn moments are coup
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antiparallel to Fe moments and carry up 3�B [4]. Substi-
tution of Mn for Fe causes a monotonic decrease of the
Curie temperature and the saturation magnetization in the
Nd2Fe17−xMnx compounds[5]. Neutron diffraction studies
of Ce2Fe17−xMnx solid solution show that Mn prefers the
6c site and avoid completely the 9d site, whereas the 18f
and 18h sites are occupied almost randomly[6]. Mn, as a
third component can essentially influence the magnetic state
of Ce2Fe17−xMnx solid solution due to the existence of
three different exchange interactions: Fe–Mn, Mn–Mn and
Fe–Fe. It has been found that the Nèel temperature of the
Ce2Fe17−xMnx compounds decreases monotonously with
the Mn content increasing in the range of 0< x < 2. Whereas
the variation of the antiferro-ferromagnetic transition tem-
perature,TT, is non-monotonous. The low temperature
ferromagnetic state of the parent compound gradually
vanishes whenx increases fromx = 0 to 0.5. Finally, the
compounds appear as antiferromagnets at all temperatures
belowTN for x comprised between 0.5 and 1.0. Surprisingly,
a re-entrance of ferromagnetic ordering takes place again
when the Mn concentration reachesx ∼= 1.3[7,8]. Then,TT is
shifted to higher temperatures with the Mn content increasing
[6].

To enlighten more the complex magnetic behavior of the
Ce2Fe17−xMnx system we performed magnetization mea-
surements versus temperature in different applied magnetic
fi grams
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compounds after a short thermal activation procedure at
500◦C. At this temperature high purity hydrogen obtained by
the thermal decomposition of titanium hydride was admitted
at a given pressure to reach the expected stoichiometry. To
achieve good homogenization, the product was slowly cooled
down (about 20 K/h) to room temperature. The hydrogen
concentration was determined by a volumetric method with
an accuracy of±0.02 hydrogen atom per formula unit.

All the studied samples were controlled by X-ray diffrac-
tion using DRON diffractometer with Co K� radiation.
The magnetization measurements were carried out using a
SQUID magnetometer in the temperature range of 1.7–350 K
and in magnetic fields up to 50 kOe. The magnetization curves
were recorded on the bulk samples not free to rotate in the
sample holder.

3. Results and discussion

3.1. Structural analysis

X-ray powder diffraction patterns analysis has indicated
that all the investigated Ce2Fe17−xMnx compounds and their
hydrides crystallize in the Th2Zn17-type structure (space
group (R-3m)). Besides, it appears that the fraction of free
i art-
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T
S

(Å3)

775.4
781.5
787.0
791.8
775.9
780.8
788.2
795.2
elds. On the basis of these data a magnetic phase dia
ere constructed. Besides, we also studied the influen
ydrogenation on structural and magnetic properties o

ected Ce2Fe17−xMnx compounds, which may lead to a be
nderstanding of magnetic states existing in this system

. Experimental details

Ce2Fe17−xMnx (x = 1.3 and 1.7) compounds were p
ared by induction melting Fe and Mn of 99.99% purity
e metals of 99.5% purity, with subsequent annealing o

ngots at 900◦C for three days. X-ray powder diffraction w
mployed to determine the phase composition, the stru
nd the lattice parameters.

The hydrides Ce2Fe17−xMnxHy with hydrogen concen
rationy = 1, 2 and 3 were prepared using a vacuum g
pparatus through the direct absorption of hydrogen b

able 1
tructural data of Ce2Fe17−xMnxHy compounds

Compound a (Å) c (Å) V

Ce2Fe15.7Mn1.3 8.500 12.393
Ce2Fe15.7Mn1.3H1 8.528 12.408
Ce2Fe15.7Mn1.3H2 8.555 12.401
Ce2Fe15.7Mn1.3H3 8.581 12.416
Ce2Fe15.3Mn1.7 8.497 12.410
Ce2Fe15.3Mn1.7H1 8.523 12.412
Ce2Fe15.3Mn1.7H2 8.562 12.416
Ce2Fe15.3Mn1.7H3 8.592 12.439
ron (�-Fe) as impurity was not larger than 1 wt.% in st
ng alloys, but it is comprised between 5 and 7 wt.%
er hydrogenation. The lattice parameters are present
able 1. It is worth to stress that hydrogenation does
hange the crystal-type symmetry even for the highest
es of hydrogen content. However, hydrogenation lead
ighly anisotropic cell expansion that takes place main

he hexagonal base plane.
Neutron diffraction analysis[9] has revealed that

2Fe17 (Th2Zn17-type structure) hydrogen is accommoda
n octahedral (2R–4Fe) and tetrahedral (2R–2Fe) sites
ydrogen atoms in octahedral sites were found more s

han in the tetrahedral one. Such scheme of occupation c
he a-cell parameter to linearly increases withy the hydro-
en concentration whereas thec-cell parameter remains a
ost constant (or slightly decreases up toy = 3). It is worth

o note that thea-cell parameter expansion observed in
xperiment agrees well with a progressive filling of the o
edral sites.

�a/a0 (%) �c/c0 (%) �V/V0 (%)

0.3 0.1 0.79
0.6 0.06 1.50
0.9 0.18 2.11

0.3 0.02 0.63
0.8 0.05 1.59
1.1 0.23 2.48
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Fig. 1. (a) Magnetisation as a function of temperature for Ce2Fe15.7

Mn1.3Hy, and (b) for Ce2Fe15.3Mn1.7Hy. The anomaly on the magnetization
curves for the hydride withy = 3 will be discussed in a forthcoming paper.

3.2. Magnetic studies

Fig. 1 presents the magnetization dependence versus
temperature of Ce2Fe15.7Mn1.3Hy and Ce2Fe15.3Mn1.7Hy

hydrides (y = 1, 2 and 3) together with those of their
parent compounds, in magnetic field of 500 Oe. These
traces clearly demonstrate that hydrogenation changes the
temperature of the ferro–antiferromagnetic phase transition,
Tt, which rises withy increasing. Here, theTt symbol was
specially introduced to distinguish the helix-ferromagnetic
transition from the para-ferromagnetic transition labelled
by TC. The Ńeel temperature is not so sensitive to hydrogen
insertion as long asy is lower than 2. As is seen inFig. 1
the antiferromagnetic–paramagnetic transition of the parent
materials is no longer observed for the hydrides with
y > 2. In the whole range of temperature and for all the
applied fields, the Ce2Fe17MnxHy hydrides with y > 2
are ferromagnetic. TheTt andTC determined as inflection
points on the magnetization curves[10], andTN defined as a
maximum on the magnetization curves, are given inTable 2,
versusy.

Table 2
Magnetic data of Ce2Fe17−xMnxHy compounds

Compound TN, (K) Tt, (K) TC, (K) HC max (kOe)

Ce2Fe15.7Mn1.3 187± 1 20± 2 7.5± 0.5
Ce2Fe15.7Mn1.3H1 187± 1 63± 2 4.5±0.5
Ce2Fe15.7Mn1.3H2 225± 2
Ce2Fe15.7Mn1.3H3 248± 2
Ce2Fe15.3Mn1.7 177± 1 62± 2 8.0± 0.5
Ce2Fe15.3Mn1.7H1 177± 1 94± 2 3.0± 0.5
Ce2Fe15.3Mn1.7H2 193± 2
Ce2Fe15.3Mn1.7H3 228± 2

It has been shown[1] that positive exchange interac-
tions (ferromagnetic-like) are intensified in R2Fe17 if the
interatomic Fe–Fe distances become larger. It was found
that in Ce2Fe17 the ferromagnetic phase is favoured when
dFe–Fe is larger than a critical value of 0.25 nm whereas
antiferromagnetic phase is stabilized when dFe–Feis smaller
than 0.24 nm[1]. From precise diffraction experiments
performed on a series of R2Fe17 hydrides it was shown
that the most important changes in the Fe–Fe distances

Fig. 2. (a) Temperature dependence of magnetization in various mag-
netic fields for Ce2Fe15.7Mn1.3 (1–80 Oe; 2–500 Oe; 3–1 kOe; 4–2 kOe,
5–3 kOe, 6–4 kOe; 7–5 kOe; 8–6 kOe; 9–7 kOe; 10–10 kOe), and (b) for
Ce2Fe15.7Mn1.3H1 (1–80 Oe; 2–500 Oe; 3–1 kOe; 4–2 kOe, 5–3 kOe, 6–
4 kOe; 7–5 kOe; 8–6 kOe; 9–7 kOe; 10–10 kOe).



158 W. Iwasieczko et al. / Journal of Alloys and Compounds 404–406 (2005) 155–159

Fig. 3. The H–T magnetic phase diagrams for Ce2Fe15.7Mn1.3 and
Ce2Fe15.3Mn1.7 compounds and their related hydrides withy = 1.

concerns the so-called dumbbell distances[11]. The positive
exchange interactions appear to be much more intense when
hydrogen atoms occupy the octahedral site i.e. when the
Fe1–Fe1 short distance (parallel to thec- axis), is markedly
expanded. The increase ofTt and its final transformation to
TC in Ce2Fe17MnxHy hydrides can likely be correlated to
the expansion of the Fe1–Fe1 dumbbell distance.

The antiferromagnetic–ferromagnetic transition tempera-
ture, Tt, depends on the exchange interaction between the
basal planes containing the Fe and Mn atom. It can be pos-
itive or negative, but its sign is determined by the atomic
distances between these planes[12]. When this distance in-
creases upon hydrogenation[13,14]the exchange interaction
becomes positive and ferromagnetic couplings prevails in the
hydride withy ≥> 2.

The characteristic features of the magnetization
curves for both the Ce2Fe17−xMnx compounds and their
Ce2Fe17MnxHy hydrides withy = 1 are specially interesting
in temperature ranging betweenTt andTN. It is the unique
range of temperature where the HAFM phase is stable.
Additionally, magnetic phase transitions can be induced
by means of magnetic field. To study the influence of

magnetic field on critical temperatures we have carried out
magnetization measurements,σ versusT in various magnetic
fields. For example inFig. 2, the selected typical isofield
magnetization curves are presented for Ce2Fe15.7Mn1.3
and Ce2Fe15.7Mn1.3H1.0. From these typical traces the
thermal dependence ofHC the critical field transitions
between ferromagnetic, helical, and paramagnetic states
were established.Tt can be determined only approximately,
because the transition between the two regions takes place
continuously. The correspondingH–T phase diagrams
are presented inFig. 3. For fields H > Hmax, only the
ferromagnetic state is stabilised for the studied materials.
The critical transition fields for the hydrides are reduced by
more than 50% reference to the pure compounds. This fact
indicates that hydrogen stabilizes ferromagnetic couplings.
Fig. 3a and b reveal an almost linear temperature dependence
of the critical fieldHC for AFM to FM state transition.

The magnetic phase transition from helical to the ferro-
magnetic state in zero field can be explained by the increasing
importance of the magnetoelastic forces as well as the basal-
plane anisotropy with decreasing temperature[15]. Such a
phase transition can be achieved at higher temperatures un-
der the action of a magnetic field.
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. Conclusion

The Ce2Fe17−xMnxHy hydrides retain the host alloy sym
etry. However, hydrogenation leads to a noticeable la

xpansion and marked modification of the magnetic pro
ies reference to the parent compound. The Ce2Fe17−xMnx

ompounds undergo an antiferro–ferromagnetic transitio
her by hydrogenation or by application of external field.
etamagnetic transition fields quench the hydrides in f
agnetic state in much lower critical fields than observe

he parent compounds. This behaviour indicates that h
enation weakens the interlayer antiferromagnetic-like
ling within the dumbbell 6c site atoms and thus indu

erromagnetic exchange interactions. The transition tem
tures,Tt,TC of the hydrides strongly increase with hydrog
ontent as the result of the unit cell volume increase.
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