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RMn2�xFexD6 compounds were obtained by applying a deuterium pressure of several kbar to RMn2�xFex

compounds for xr0.2 and R¼Y, Er. These compounds are isostructural to RMn2D6 compounds and

crystallize in a K2PtCl6 type structure with a random substitution of R and half the Mn atoms in the same

8c site whereas the other Mn atoms are located on the 4a site and surrounded by six D atoms (24e site).

According to neutron powder diffraction analysis the Fe atoms are preferentially substituted on the 4a

site. YMn2�xFexD6 compounds are paramagnetic and their molar susceptibility follows a modified Curie–

Weiss law. ErMn2�xFexD6 compounds display a ferromagnetic behavior at 2 K, but their saturation

magnetization (MS�4.0 mB/f.u.) is half that of their parent compounds (MS�8.0 mB/f.u.). The neutron

diffraction patterns of ErMn1.8Fe0.2D6 display below 13 K both ferromagnetic and antiferromagnetic short

range order, which can be related to a disordered distribution of Er moments. The paramagnetic

temperatures of ErMn2�xFexD6 compounds are negative and decrease versus the Fe content whereas they

are positive and increase for their parent compounds.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogen absorption in intermetallic compounds has been
widely studied for hydrogen storage application but also for the
modification of their physical properties [1]. A large amount of
studies has been devoted to the magnetic properties of RMn2Hy and
RFe2Hy Laves phase hydrides, showing a strong interplay between
hydrogen and magnetic order depending on the H content [2–5].
For 0oyr4.5, hydrogen atoms are located in interstitial sites and
form compounds whose structures are derived from the C14 or C15
structure depending on the pristine compounds [3,5–11]. The
application of high hydrogen or deuterium pressure (1–12 kbar)
on intermetallic compounds resulted in the synthesis of several
new metal hydrides/deuterides, with larger H (D) content [12]. This
has allowed the synthesis of YFe2H5 and ErFe2H5, which display an
orthorhombic distortion derived from the C15 structure [13,14].
More unexpected results have been obtained for RMn2 compounds
(R¼Y, Gd, Dy, Ho and Er) which form RMn2D6 phases with a new
type of cubic structure without relationship with the C15 or C14
structures of the pristine compounds [15–19]. These RMn2D6
ll rights reserved.

oncour).
compounds crystallize in a disordered fluorite structure (K2PtCl6

type) which can be described in the Fm3m space group where the R

and half of the Mn atoms (Mn1) occupy randomly the 8c site
whereas the remaining Mn atoms (Mn2) are located in the 4a site
being surrounded by 6H atoms in the 24e site [16]. This structure is
very different from that observed for the other RMn2Hx hydrides
(deuterides) (0oxr4.5) and results from a complete reorganiza-
tion of the unit cell of the parent compound. YMn2D6 is a
paramagnet, which follows a modified Curie–Weiss law. The
neutron powder diffraction (NPD) study has confirmed the absence
of long and short range magnetic order from 1.5 to 290 K in
YMn2D6. Both ErMn2D6 and DyMn2D6 displayed ferro- and anti-
ferromagnetic short range order (SRO) below 10 K, which was
attributed to local R–R magnetic interactions. These previous
studies have shown that the RMn2D6 compounds can be obtained
for Y, heavy rare earth elements and even for the whole concen-
tration range in pseudobinary Y1�xDyxMn2 compounds [12]. But
the influence of the Mn substitution by another transition element
on the formation of the RMn2D6 phase has not been investigated in
detail until now. High pressure hydrogen absorption (7 kbar)
applied to ErFeMn led to the formation of ErFeMnH4.7, which
crystallizes in the same cubic C15 structure as its parent compound
with 30% cell volume augmentation [20]. Cubic C15 YFeMnH5 with
DV/V¼29.4% was also obtained under 7 kbar of hydrogen [21].
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The aim of our study was therefore to investigate the possibility to
obtain RMn2�xFexD6 compounds for smaller Fe content.

For this purpose RMn2�xFex compounds with R¼Y, Er and
xr0.2 were prepared and submitted to high deuterium pressure.
The deuterium thermal desorption was studied by thermogravi-
metric measurements. Their structural and magnetic properties
were studied by X-ray, synchrotron and neutron powder diffraction
as well as by magnetic and Mössbauer measurements. These
results will be presented and discussed in relation with the
structural and magnetic properties of the RMn2�xFex parent
compounds and other RMn2D6 deuterides.
Fig. 1. TGA measurement on ErMn1.8Fe0.2D6: variation of the deuterium content

and derivative of the loss of mass.

Table 1
Structure and cell parameters of the RMn2�xFex and RMn2�xFexD6 compounds at

300 K. The data for YMn2D6 and ErMn2D6 are from Refs. [16,17].

Compound Structure Space group a (Å) c (Å) V (Å3) DV/V (%)

YMn2 C15 Fd�3m 7.681(1) 452.98(1)

YMn2D6 Cubic Fm3m 6.709 (1) 301.98(1) 33.3

YMn1.8Fe0.2 C15 Fd�3m 7.630 (1) 444.20(1)

YMn1.8Fe0.2D6 Cubic C15 Fm3m 6.6970(4) 300.36(1) 35.2

Fd�3m 6.7017(3)a 300.99(2)a 35.4a

8.253(1)a 561.7(1)a 26.5a

ErMn2 C14 P63/mmc 5.2950(1) 209.90(1)

8.6446(1)

ErMn2D6 Cubic Fm3m 6.6797(1) 298.04(1) 42.0

ErMn1.9Fe0.1 C14 P63/mmc 5.2888(1) 209.26(1)

8.6388(1)

ErMn1.9Fe0.1D6 Cubic Fm3m 6.6659(6) 296.19(5) 41.5

ErMn1.8Fe0.2 C14 P63/mmc 5.2783(1) 208.06(1)

8.6233(1)

ErMn1.8Fe0.2D6 Cubic Fm3m 6.6514(5) 294.27(2) 41.4

6.6690(2)a 296.60(1)a 42.6a

a Data from SR measurements.
2. Experimental

RMn2�xFex intermetallic compounds (R¼Y and Er, x¼0.1 and
0.2) were prepared by induction melting of the pure elements
(Y and Er 99.9%: Mn and Fe 99.99%) followed by an annealing
treatment of 11 days at 1073 K. The homogeneity of the samples
was checked by X-ray diffraction (XRD) and electron probe micro-
analysis (EPMA).

The synthesis of RMn2�xFexD6 deuterides was carried out at
10 kbar (D2) and 100 1C. For neutron diffraction about 4 g of
RMn1.8Fe0.2D6 samples were prepared in several batches.

Thermal gravimetric analysis (TGA) was performed on a Setsys
Evolution 1750 balance from Setaram. The powder was placed in an
open Pt crucible and the experiment was performed with an argon
flow of 20 ml/min. The temperature was raised at 10 K/min
operating from 300 to 1200 K.

The XRD patterns were measured with a D8 Brucker diffract-
ometer equipped with a rear graphite monochromator in the range
101o2yo1201 with a step of 0.021 using Cu Ka radiation.

The diffraction patterns of YMn1.8Fe0.2D6 and ErMn1.8Fe0.2D6

were also measured at room temperature using synchrotron
radiation (l¼0.501950 Å) provided by SNBL at ESRF in the range
11o2yo501 with a step of 0.0031.

The NPD patterns of the deuterides were measured at 10 and
300 K on the 3T2 spectrometer and at temperatures varying
between 1.4 and 300 K on the G4.1 spectrometer at the Laboratoire
Léon Brillouin (LLB) at Saclay. For the experiments on 3T2 the
wavelength was 1.225 Å and the angular range 61o2yo1251 with
a step of 0.051. For the experiments on G4.1, the wavelength
was 2.427 Å and the angular range was 21o2yo821 with a
step of 0.11. The deuterides were contained in a vanadium sample
holder. All the XRD and NPD patterns were refined with the
Rietveld method, using the Fullprof code [22]. The line shapes
were refined with a Pearson VII function.

The magnetic measurements were performed with a Physical
Properties Measurements System (PPMS) apparatus of Quantum
Design operating up to 9 T and from 1.5 to 300 K.

The 57Fe Mössbauer spectrum of ErMn1.8Fe0.2D6 was registered
at 294 K during three weeks.
3. Results

3.1. Thermodesorption properties

The RMn2�xFexD6 samples were analyzed by TGA experiments
in order to determine the temperature of desorption and the
amount of D desorbed. All the samples show a similar thermal
desorption behavior, which is displayed as an example for
ErMn1.8Fe0.2D6 in Fig. 1. The derivative of the mass variation versus
temperature (dm/dT) shows one narrow peak centered at 523 K and
a broader one at 612 K. In this range the sample desorbs 3.9(2)
D/f.u.. According to the previous results on isostructural RMn2D6
compounds this deuterium desorption corresponds to a decom-
position into RH2 and Mn [16–18]. Then at higher temperature an
additional desorption process is observed. The derivative curve
indicates that the thermodesorption peaks are centered at 1010,
1092 and 1115 K. This further desorption is related to the Er
hydride decomposition followed by a recombination with the
transition metal to form the starting intermetallic. The desorbed
D content is around 0.6 D/f.u., this value is smaller than expected
for a complete desorption (2 D/f.u.).

The desorption peaks appear at the same temperatures for
YMn1.8Fe0.2D6 and at slightly lower temperatures for ErMn1.9Fe0.1D6.
3.2. Structural properties

The structure, cell parameters and relative cell volume variation
between the RMn2�xFexD6 deuterides and their parent compounds
are reported in Table 1. The results of binary RMn2D6 compounds
from Refs. [16,17] have been added for comparison. YMn2 and
YMn1.8Fe0.2 crystallize in the same C15 cubic structure. A decrease
of the cell parameter is observed upon Fe substitution in agreement
with the smaller atomic radius of Fe compared to Mn. The
ErMn2�xFex compounds (x¼0, 0.1 and 0.2) crystallize in the
hexagonal C14 type structure and their cell parameters also
decrease with the Fe content. This is in agreement with the results
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of Ref. [23], which showed that the ErMn2�xFex compounds
crystallize in the hexagonal C14 phase for 0rxr0.4 and in the
cubic C15 structure for xZ0.8.

Deuterium absorption under high gaseous pressure leads to the
formation of RMn2�xFexD6 compounds, which crystallize in the
same cubic structure as the corresponding RMn2D6 compounds.
The cubic cell parameter decreases slightly upon Er for Y substitu-
tion and upon Fe for Mn substitution. The relative cell volume
variation is larger for the Er compounds than for the Y, indicating
that the deuterides are less sensitive to the lanthanide contraction
than their parent compounds.

The analysis of the synchrotron radiation (SR) patterns shows
that ErMn1.8Fe0.2D6 (Fig. 2) is single phase whereas YMn1.8Fe0.2D6

contains 5.3 wt% of a C15 cubic phase with a¼8.2538 Å. The SR
patterns do not show superstructure lines confirming that the Mn
and R distribution remains random on the 8c site. For both
compounds the line widths are very broad compared to the Si
reference or even to the intermetallic compounds measured with a
classical diffractometer. This broadening is mainly related to
isotropic microstrains introduced by the random distribution of
R and Mn atoms on the same 8c site and was already observed
for YMn2D6 and ErMn2D6 [17,24]. The patterns refinement with
the Pearson VII function leads to a strain dd/d¼2.54% for
ErMn1.8Fe0.2D6 and dd/d¼2.76% for YMn1.8Fe0.2D6.

NPD experiments were performed on YMn1.8Fe0.2D6 (300 K) and
on ErMn1.8Fe0.2D6 (10 and 300 K) in order to determine the
localization of the Fe atoms. The difference of neutron coherent
scattering length between Fe (bc¼9.45 fm) and Mn (bc¼�3.73 fm)
is large enough to determine the position and occupancy factors of
Fe atoms, which is not the case for XRD. The NPD patterns of the
RMn1.8Fe0.2D6 compounds were refined like the RMn2D6 com-
pounds in the Fm3m space group, with a random distribution of R

and half the Mn atoms on the 8c site; the second half of Mn atoms in
the 4a site and the D atoms in the 24e site. Therefore, the Fe atoms
can be located either in the 8c site, in the 4a site or in a random
Fig. 2. Refined SR pattern of ErMn1.8Fe0.2D6 at room temperature.

Table 2
Results of the refinement of the NPD patterns measured on 3T2. In the refinements the tot

0.2. The occupancy factors of Fe and Mn atoms were fixed to 1 for each site. The R, Mn1 an

and the D atoms on the 24e site (xD, 0, 0).

Compound T (K) a (Å) Occ Fe, 8c site

YMn1.8Fe0.2D6 300 6.6987(3) 0.015(2)

ErMn1.8Fe0.2D6 10 6.6298(2) 0.009(2)

ErMn1.8Fe0.2D6 300 6.6531(3) 0.011(2)
mixture of both. The three NPD patterns were refined allowing Fe
substitution on both sites, and the refinement converged with a
majority of Fe atoms on the 4a site (Table 2). The refined NPD
patterns of ErMn1.8Fe0.2D6 at 300 K are plotted in Fig. 3. For
YMn1.8Fe0.2D6 only 1.8 wt% of a C15 phase with a¼8.279 Å was
found in the NPD pattern beside the main RMn2D6 phase. This
percentage of cubic phase is lower than observed in the SR patterns.
As the X-rays penetrate only the surface of the sample, whereas the
neutrons cross all the sample, this can be an indication that the
cubic phase is mainly located at the surface of the grains. The
thermal expansion of the cell parameter of YMn1.8Fe0.2D6 is
continuous as previously observed for ErMn2D6 [17] confirming
that no structural transition occurs between 1.5 and 300 K.
A previous study on YMn2D6 has also shown that there is no
order–disorder transition above room temperature. As the D atoms
are not interstitial but form complex MnH6 units, they cannot
induce a long range order as for YMn2H4.3, which is rhombohedral
below 386 K and cubic above this temperature [16].

3.3. Magnetic properties

The thermomagnetization curves (M(T)) of YMn1.8Fe0.2 and
YMn1.8Fe0.2D6 are reported in Fig. 4. The intermetallic compound
displays a transition at 205 K, and below a continuous increase of the
magnetization down to 2 K. As YMn2 is antiferromagnetic with TN

around 100 K, this indicates a modification of the magnetic order
upon Fe substitution. For the same applied field the magnetization is
about 10 times larger for the deuteride compared to the pristine
compound. The magnetization curves versus field (M(H)) at different
temperatures are displayed in Fig. 5. In agreement with the M(T)
curves, the M(H) curves of the deuteride are about 10 times larger
than for the intermetallic. At 2 K, the M(H) curve displays a weak
ferromagnetic behavior but without saturation. Above 50 K, the
curves are linear and the dM/dH curves were used to determine
the molar susceptibility wM(T) curve of YMn1.8Fe0.2D6, which was
al occupancy factor of Fe atoms in the 8c and 4a sites was kept constant and equal to

d Fe1 atoms are on the 8c site (¼, ¼, ¼), the Mn2 and Fe2 atoms on the 4a site (0, 0, 0)

Occ Fe, 4a site xD RB (%) Rwp (%)

0.185(2) 0.2485(3) 6.0 10.2

0.191(2) 0.2479(5) 4.6 9.1

0.189(2) 0.2485(7) 5.5 9.5

Fig. 3. Refined NPD pattern of ErMn1.8Fe0.2D6 at room temperature.



Fig. 4. Thermomagnetization curves of YMn1.8Fe0.2 and YMn1.8Fe0.2D6 under an

applied field of 15 kOe.
Fig. 5. Magnetization curves at different temperatures of YMn1.8Fe0.2 and

YMn1.8Fe0.2D6.
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fitted with a modified Curie–Weiss (CW) law, as previously done for
YMn2D6 [16]:

wM ¼ w0þ
C

T�yp
ð1Þ

The fit of wM leads to w0¼0.0046 emu/mole; C¼0.825 emu/mole,
meff¼2.57 mB and yp¼�29 K, i.e. to a small increase of w0

(+0.0006 emu/mole) and meff (+0.57 mB) compared to YMn2D6 values.
The M(T) curves of the ErMn2�xFex compounds and their

deuterides are presented in Fig. 6 with an applied field of
300 Oe. The intermetallic compounds show a ferromagnetic beha-
vior with a magnetic ordering temperature of TC¼27 and 34 K for
x¼0.1 and 0.2, respectively. Compared to C14 ErMn2, a small
increase of TC is observed upon Fe for Mn substitution (Table 3).
Magnetic studies on a ErMn2 single crystal have shown a ferro-
magnetic ordering of the Er moment at 23 K, a spin-canted
magnetic structure and a spin reorientation at 10 K [24]. In this
compound the Mn atoms have no ordered magnetic moment but
display spin fluctuations. As the Fe atoms are substituted in small
amount to Mn atoms, they are probably too diluted to induce an
ordered magnetic Fe sublattice. The shape of the thermomagne-
tization curves of the ErMn2�xFex samples with 0rxr0.2 are very
similar and only shifted to higher temperature.The increase of TC is
therefore rather related to the shortening of Er–Er distances
according to the RKKY model.

No clear ferromagnetic transition temperature is observed in
the deuterides. The M(H) curves of these compounds, presented in
Fig. 7 for ErMn1.8Fe0.2 and its deuteride, were refined in order to
determine the saturation magnetization and the molar suscept-
ibility. At 2 K, the saturation magnetization extrapolated at zero
field (MS) of the intermetallic compounds are around 8.1(1) mB/f.u.
close to the 8.3 mB/f.u. measured in ErMn2 at 4.2 K and 140 kOe [24].
This confirms that the contribution of Fe to the saturation
magnetization is weak or negligible. The magnetization of the
deuterides extrapolated to zero field is only 4.0(2) mB/f.u. In
addition, at 9 T the saturation is still not reached for the deuterides.
The lowering of the magnetization and the absence of saturation
can be explained by a strong canting of Er moments or by a
coexistence of ferromagnetic and antiferromagnetic domains in the
deuterides. The paramagnetic values reported in Table 3, show an
increase of yp and a slight decrease of meff/f.u. as the Fe content
increases in the intermetallic compounds. Concerning the deuter-
ides, meff is not very sensitive to the Fe content; yp is negative and
decreases slightly with the Fe content. The change of sign of yp

between the intermetallic and the deuterides indicates, in agree-
ment with the variation of MS, that the magnetic order changes
from ferromagnetic to ferri or antiferromagnetic order upon
deuteriation. In order to elucidate the type of magnetic order in
the deuterides, NPD measurements were necessary.

The comparison of the NPD patterns of the YMn1.8Fe0.2D6

measured on G4.1 at different temperatures shows mainly a line
displacement due to thermal expansion. For ErMn1.8Fe0.2D6,
besides the peak displacement, a change of background intensity
is observed at low angle and below 30 K (Fig. 8). The difference
patterns between T1¼1.4–13 K and T¼30 K are presented in the
inset of Fig. 8. At angles lower than 2y¼151, the decrease of
background intensity versus the angle can be attributed to
ferromagnetic SRO [25] and its intensity decreases as T1 increases.
As this background variation at low angle was not observed for
YMn1.8Fe0.2D6 it should be related to the magnetic contribution of
Er moment.. A broad line centered around 2y¼301 or d¼4.747 Å is
also observed in the difference curves. This value is slightly larger
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than the average distance d¼4.703 Å between two Er next
neighbors in the 8c site. As this bump is observed also at room
temperature, but with a lower intensity, it should correspond to
both nuclear and magnetic SRO. The nuclear contribution should be
related to the chemical disorder (Mn, Er) observed on the 8c site.
The magnetic intensity of this broad line decreases only slightly
with T1 and can be related to AF interactions as it was already
observed in ErMn2D6 [17].

A 57Fe Mössbauer spectrum has been measured for
ErMn1.8Fe0.2D6 at 294 K. Due to the small Fe content compared
to ErFe2D5 (Fig. 9) intensity and statistics of the spectrum are rather
poor. The spectrum was fitted with a broad doublet (G¼0.3370.01
Table 3
Magnetic properties of RMn2�xFex and RMn2�xFexD6 (x¼0, 0.1 and 0.2) compounds.

Compound MS (2 K) (mB/f.u.) TN (K) TC (K

YMn2 100.0(1)

YMn2D6 0.53a

YMn1.8Fe0.2 0.007(1) 210.0

YMn1.8Fe0.2D6 0.074(1)

ErMn2 8.1(1) 25.0(

ErMn2D6 5.0(1) �

ErMn1.9Fe0.1 8.1(1) 27.0(

ErMn1.9Fe0.1D6 3.8(1) �

ErMn1.8Fe0.2 8.2(1) 34.4(

ErMn1.8Fe0.2D6 4.1(1) �

a Measured at 5 K.
b The meff are by Mn atom. The data for YMn2D6 and ErMn2D6 are from Refs. [16,17

Fig. 6. Thermomagnetization curves of ErMn2�xFex and ErMn2�xFexD6 at 300 Oe.

Inset: the symbols correspond to the H/M values deduced from the M(H) curves and

the line to the linear fit.
mm/s), only slightly broader than that obtained for ErFe2D5,
showing a much better statistics (G¼0.3170.01), with an isomer
shift (IS) of �0.0970.01 mm/s relative to alpha iron and a
quadrupole splitting (QS) of 0.3070.01 mm/s. In [23], the authors
have investigated the structural and magnetic properties of
ErMn2�xFex compounds. No significant change of the isomer shift
upon the Mn content was obtained. For the Mn rich compound
ErMn1.6Fe0.4, crystallizing in the C14 structure, the QS was found to
be around 0.22 mm/s, i.e. two-thirds of QS¼0.33 mm/s which was
obtained for ErMn0.8Fe1.2. An even a smaller QS should be observed
) yp (K) C (emu/mol.Oe) meff (mB/f.u.)

�30.0(2) 0.55(1) 3.0(1)b

(1)

�29.0(2) 0.83(1) 2.6(1)b

2) 8.0(1) 12.61(1) 10.0(1)

�15.4(1) 13.58(1) 10.4(1)

2) 18.1(2) 11.45(1) 9.6(1)

�21.3(3) 12.70(1) 10.1(1)

2) 22.6(2) 11.18(1) 9.5 (1)

�23.3(3) 14.11(2) 10.6(1)

].

Fig. 7. Magnetization curves of ErMn1.8Fe0.2 and ErMn1.8Fe0.2D6.



Fig. 9. Mössbauer spectra of ErFe0.2Mn1.8D6 compared to that of ErFe2D5 at 294 K.

Fig. 8. NPD patterns of ErMn1.8Fe0.2D6 at 1.4 and 30 K measured on G4.1. Inset:

difference curves between the NPD patterns measured at T1 and 30 K.
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for ErMn1.8Fe0.2, say around QS¼0.2 mm/s. Thus, we have to face a
large deuterium induced increase in quadrupole splitting of about
0.1 mm/s, i.e. 50%. On the other hand, surprisingly, we obtain still a
negative isomer shift (IS¼�0.09 mm/s) for the deuteride, only
somewhat more positive than that which would be expected [22]
for the parent compound, (ISE�0.26 mm/s). Since a substantial
volume increase is accompanied by deuterium uptake, this points
to some rise of the s-electron density at the Fe nucleus upon
deuteration. Commonly, however, a substantial increase of IS
towards positive values is observed upon hydrogen or deuterium
absorption in interstitial sites, which was attributed to a decrease
in s-electron density at the Mössbauer nucleus [14,26–28]. As in
ErMn1.8Fe0.2D6 the Fe atoms are surrounded by six D atoms with a
strong Fe–H bond, this can explain the small negative value of IS
compared to the positive one of interstitial hydrides and deuter-
ides. It is closer to the IS of Mg2FeD6 which is 0.02 mm/s with
respect to a-Fe at room temperature [29].
4. Discussion

This study has shown that for xr0.2, RMn2�xFexD6 phases with
a disordered K2PtCl6 structure can be obtained after applying
10 kbar deuterium pressure at 100 1C. A previous study has shown
that this phase could not be obtained for a larger Fe content: even
under several kbar of hydrogen ErMnFe form an hydride with a
cubic C15 type structure and 4.7 H/f.u. [20]. A current work on
YFeMn also shows that the hydrides synthesized under high hydro-
gen pressure crystallize in a C15 cubic structure with 5 H/f.u [21].
The largest value of substituted Fe which still allow to obtain the
K2PtCl6 phase has to be determined more precisely in the range
0.2oxo1, but the presence of a C15 deuteride contribution in
YMn1.8Fe0.2D6 suggests that we are very close to this limit.

The study of deuterium absorption in YMn2�xFex compounds
for deuterium pressures below 1 bar has shown that the YMn2�x-

FexD4.3 phase crystallizes in the same rhombohedral structure as
YMn2D4.3 for 0rxr0.2, in a cubic C15 structure with a disordered
deuterium sublattice for 0.2oxo1.7, and in a YFe2D4.2 monoclinic
structure for xZ1.7 [25]. Further investigations will be undertaken
to establish more precisely the limit of existence of the RMn2�xFex

hydrides or deuterides synthesized under high hydrogen pressure.
But it is expected that the compound isostructural to cubic YMn2H6

or to orthorhombic YFe2H5 exists only in a limited range of
concentration in the Mn and Fe rich side, respectively.

The NPD results showed that for both YMn1.8Fe0.2D6 and
ErMn1.8Fe0.2D6, the Fe atoms are preferentially substituted on
the 4a site, i.e. on the site surrounded by six D atoms. The origin
of this preferential occupation can be either geometric or electro-
nic. From the geometric point of view, Fe has a smaller atomic
radius (rFe¼1.25 Å) than Mn (rMn¼1.35 Å). On the 8c site the Mn
atoms occupy the same site as Y or Er atoms. The difference of
radius between R and Mn atoms is already large (rY¼1.801 Å,
rEr¼1.757 Å). Therefore, substituting a smaller atom on this site
may introduce too much additional stresses. On the 4a site, the
geometric constrains are smaller, as Fe atoms replace only Mn
atoms. The variation of the cell parameters versus the rate of
substituted Fe atoms indicates that the structure is sensitive to the
atomic size difference between Mn and Fe atoms. The RMn2�xFexD6

compounds are isostructural to complex metal hydrides M2TH6

where M is a divalent alkaline earth (M¼Mg, Ca, Sr) or a divalent
rare earth metal (M¼Eu, Yb) and M0 a transition metal (M0 ¼Fe, Ru,
Os) [30,31]. It was therefore previously suggested that the RMn2D6

compounds have the (RIIIMnI)4 +(MnIID6)4- configuration according
to the 18e� rules [16]. In isostructural Mg2FeH6, the Fe atoms are
located on the 4a site forming octahedral FeH6

4� anions and
experimental results were in favor of a low-spin FeII configuration
[29]. Therefore both geometric and electronic factors can favor the
localization of Fe on the 4a site.

The M(T) curves of YMn1.8Fe0.2 indicate a weak transition at
205 K, however according to Hilscher et al. [32], TC¼200 K is
obtained for YMn0.2Fe1.8, and a ferromagnetic order is observed
only for x40.6. Therefore this transition may originate from a small
amount of second phase with a larger amount of Fe and not
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observed by XRD. For ErMn2�xFex compounds, a small increase of
TC from 25 to 33.7 K is observed as x increases from 0 to 0.2. This
change of TC is small compared to TC¼220 K measured for ErFeMn
[20]. Previous studies [23] on ErMn2�xFex compounds showed also
a decrease of TC upon Fe for Mn substitution from 580 K (x¼2) to
about 440 K (x¼1.6). Mössbauer spectra at 300 K, displayed only a
doublet for xo1.2 indicating that TC is reduced below room
temperature for larger Mn content. It can be assumed that like
for YMn2�xFex compounds [32,33], there is a critical Fe concentra-
tion necessary to observe a ferromagnetic behavior on the Fe
sublattice, and that the change of TC for low Fe content is mainly
related to the Er magnetic order. The smaller cell volume should
induce a decrease of the average Er–Er distances and consequently
an increase of the Er–Er interactions which can influence the
magnetic ordering temperature.

The magnetic susceptibility of YMn1.8Fe0.2D6 has a behavior
close to that of YMn2D6, following a modified Curie–Weiss
behavior. The fit of wM leads to a small increase of meff from 2 to
2.6 mB due to the Fe for Mn substitution.

The saturation magnetizations of ErMn2�xFexD6 are about half
those of the parent compounds. This can be explained by the
coexistence of SRO ferromagnetic and antiferromagnetic contribu-
tions observed by NPD. The values of meff increase slightly between
x¼0 and x¼0.2 reaching 10.6 mB. The difference of 0.4 mB is slightly
smaller than that observed for the Y compounds. The main
influence of the Fe substitution is a shift of yp to more negative
values, which means a stabilization of the AF interactions. As the
NPD data showed that the AF contribution is maintained to a larger
temperature T1, than the ferromagnetic one, this means that the Fe
substitution stabilizes the antiferromagnetic interactions between
Er moments. As discussed before this can be a consequence of a
change of Er–Er distances due to the decrease of the cell parameter
since the Er–Er interactions follow a RKKY model which is very
sensitive to the change of inter-atomic distances.

In order to determine the evolution of the structural and
magnetic properties for larger Fe content further experiments will
be performed.
5. Conclusions

Deuterides isostructural to the RMn2D6 phases (R¼Y, Er) were
successfully synthesized by submitting RMn2�xFex compounds
with xr0.2–10 kb deuterium pressure. The Fe for Mn substitution
leads to a decrease of the cell parameter, which is relatively more
important for the Er compounds. The NPD analysis shows that Fe
atoms are mainly substituted on the 4a site. The magnetic proper-
ties are slightly modified upon Fe substitution. The YMn2�xFexD6

compounds follow a modified Curie–Weiss behavior with a small
increase of meff with Fe content. The ErMn2�xFexD6 compounds
present a coexistence of ferromagnetic and antiferromagnetic SRO
at low temperature, which is explained by the random distribution
of the Er moments on the 8c site. The AF contribution is stabilized
by the Fe substitution as yp becomes more negative and the SRO AF
contribution is more stable than the ferromagnetic one as the
temperature increases.
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J. Phys.: Condens. Matter 21 (2009) 016001.

[19] S.M. Filipek, H. Sugiura, V. Paul-Boncour, R. Wierzbicki, R.S. Liu, N. Bagkar,
J. Phys.: Conf. Ser. 121 (2008) 022001.

[20] S. Mylswamy, V. Drozd, R.S. Liu, N.C. Bagkar, C.C. Chou, C.P. Sun, H.D. Yang,
V. Paul-Boncour, I. Marchuk, S.M. Filipek, H.-S. Sheu, L.-Y. Jang, New J. Phys. 9
(2007) 271.

[21] V. Drozd, H.T. Kuo, N. Bagkar, S. Mylswamy, R.S. Liu, V. Paul-Boncour,
I. Marchuk, S.M. Filipek, C.C. Chou, C.P. Sun, H.D. Yang, J.M. Chen, Int. J.
Hydrogen Energy, in press, doi:10.1016/j.ijhydene.2010.09.010.

[22] J. Rodrı́guez-Carvajal, in: Proceedings of the Congress of the International
Union of Crystallography, 1990, p. 127.

[23] A.S. Ilyushin, W.E. Wallace, J. Sol. State Chem. 17 (1976) 131.
[24] E. Talik, M. Kulpa, T. Mydlarz, J. Kusz, H. Bohm, J. Alloys Compd. 348 (2003) 12.
[25] P. Cadavez-Peres, I.N. Goncharenko, I. Mirebeau, Appl. Phys. A 74 (2002) S692.
[26] V. Paul-Boncour, G. Wiesinger, C. Reichl, M. Latroche, A. Percheron-Guégan,
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