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X-ray powder diffraction and bulk magnetization measurements were used to study structural and
magnetic properties of hydrides NdMn,H, (2.0 <x <4.0). The X-ray investigations performed in the
temperature range 70-385K have revealed many structural transformations at low temperatures. In
particular, a transformation from the hexagonal to the monoclinic phase and spinodal decompositions

were observed. The magnetic behavior of the hydrides is correlated with the structural transitions. A ten-
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tative structural diagram is presented. The obtained results are compared with the properties of other
cubic and hexagonal RMn,H, hydrides.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The RMn; (R: rare earth and Yttrium) compounds crystallize
mostly in two closely related structures of the Laves phase type:
either in the cubic (C15) or in the hexagonal (C14) one. Both phases
readily absorb hydrogen forming hydrides with hydrogen con-
tents up to ~4.5 H/f.u., which induces strong modifications of their
structural and magnetic properties. In recent years many differ-
ent investigations of the RMn,Hy (R: Y, Dy, Gd, Tb, Er, Sm and Ho)
hydrides (both C14 and C15 type) have been carried out [1-8]. It is
well established that hydrogen (deuterium) introduced into these
compounds occupies tetrahedral A2B2 and AB3 sites [9-11]. The
A2B2 sites are occupied by hydrogen atoms at low hydrogen con-
centrations (up to x~3.0-3.5H/f.u.), whereas for higher x the H
atoms start to occupy the AB3 sites as well [12,13].

The research of the rare earth compounds with Mn shows an
important role of the Mn-Mn nearest neighbor distance d which
determines the magnetic interactions in the RMn,Hy systems and
leads to a variety of patterns of magnetic ordering. Above the criti-
cal value of d. ~ 2.7 A[14] a localized magnetic moment at the Mn
sites is observed leading to a frustrated Mn sublattice [15]. The lat-
tice parameters of the parent material NdMn, determined at room
temperature are apex ~ 5.567 A and cpey ~9.063 A implying that the
Mn-Mn distance (dyn_mn = 2.74 A) is only slightly larger than the
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critical value d.. Therefore, upon hydrogenation one should expect
nontrivial magnetic structures in this system.

The present paper is a next step in a comprehensive work con-
cerning the structural and magnetic properties of the RMn,Hy
hydrides. Its major aim is to report the structural and magnetic
properties of NdMn,Hy and to compare them with those of other
RMn,(H/D)x [1-8,10,11]. The NdMn; compound, revealing at room
temperature (RT) the hexagonal phase (P63/mmc), orders magnet-
ically at ~104K [16-18] and was found to absorb hydrogen very
easily. Let us note that Nd here represents the lightest lanthanide
reported so far in this context.

2. Experimental details

The host material NdMn, was prepared from high purity elements using the
standard induction melting technique under argon atmosphere and annealing
(1073 K, 5 days) to obtain a single-phase compound. The hydrogenation of the sam-
ple was carried out using the standard technology described in, e.g. [19]. Prior to
hydrogenation the material was checked by X-ray diffraction (XRD) to determine
the phase purity at RT. Like for other RMn,H, [1-8] the preparation of NdMn,Hy
with hydrogen concentrations of 0.5-4.3 H/f.u. have been attempted at low hydro-
gen pressure (below ~2 bars). However, the samples with x < 2.0 H/f.u. consistently
demonstrated the tendency to amorphization and multiphase behavior. For this rea-
son only the results for the NdMn,H, samples with concentrations x=2.0, 2.5, 3.0,
3.5, and 4.0 H/f.u. are presented in this work.

The Siemens D5000 powder diffractometer with Cu Ko radiation (A = 1.54056 A)
equipped with a continuous flow (LN ) cryostat was used for the measurements of
the lattice parameters in the temperature range 70-385 K. The data were collected
on heating the samples. At each point the temperature was stabilized for ca. 40 min
to reach the thermal equilibrium.

The FULLPROF program [20] based on the Rietveld method [21] was employed
to analyze the X-ray diffraction patterns.

The DC susceptibility in the temperature range 77-300K and for different
applied fields (0.5 and 10 kOe) as well as the field dependence of the magnetization
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Fig. 1. XRD patterns as function of hydrogen concentration x for NdMn, Hy obtained
at RT. Dots indicate the strongest lines of impurity phase NdO,. Cu labels peaks
corresponding to copper sample holder.

M(H) in £10kOe field cycle at different temperatures were measured using the
LakeShore VSM 7300 magnetometer.

In the paramagnetic state above the ordering temperature the measured sus-
ceptibilities of the NdMn, H, hydrides were analyzed with the Curie-Weiss relation
corrected for the diamagnetic contribution ygi,: x(T)= Xdia + C/(T— @), where C is
the Curie constant and @ is the Weiss temperature.

3. Results
3.1. X-ray measurements

3.1.1. XRD patterns at 70 and 300K

The XRD patterns obtained at RT, which served as a quality test
for all the samples, are presented in Fig. 1. In the host material
(NdMn;) only trace amounts of impurities (NdO, ) were detected.
Its lattice parameters obtained at 70 and 300K (Table 1a and c)
are in good agreement with the literature data [17,18]. Table 1a-c
contains also the lattice parameters of all the analyzed NdMn,Hy
hydrides obtained at 70, 265, and 300 K. All the hydrides contained
small amount (below ~2% and 3%) of NdO,., and NdHy impurities.
According to the structure analysis only the samples with x=2.0
and 2.5 H/f.u. reveal the C14 single-phase of the host material at RT.
The samples with x=3.0 and 3.5 H/f.u. show a single orthorhombic
phase, whereas the sample with x=4.0 H/f.u. reveals the splitting
into two orthorhombic phases with different hydrogen concentra-
tions (Fig. 1 and Table 1a).

In contrast, at 70 K none of the hydrides sustains the C14 phase of
the host material. Almost all the samples show monoclinic phases,
with the exception of the NdMn;Hg4 ¢ hydride where beside a mon-
oclinic phase also an orthorhombic phase was revealed.

All the detected phases were described using three space
groups: hexagonal (P63/mmc, no. 194), orthorhombic (Cmcm,
no. 63), and monoclinic (C2/m11, no. 12). For the sake of
comparison the lattice parameters of all the structures were con-
verted to the pseudo-cubic system according to the relations:

a;ex = [(3)1/2(ahex)zchex]]/3v a:rth = [aorth borth Corthll/av Oono =
[@mono Pmono Cmono sin(oznwm)]”3 (Table 1a-c). As the same phase
pattern was observed for HoMn;Hx_C14 [8], the same notation is
preserved, i.e., 8, y,and ¢ for the C14, orthorhombic, and monoclinic
phase, respectively.

As a result of hydrogen absorption a considerable expansion of
the unit cell volume is observed. Table 1a shows the relative cell vol-
ume change AV/V for all the phases detected at 300 K. Its values
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Fig. 2. Comparison of relative volume change of unit cell vs. x for various RMn;Hy
hydrides obtained at RT [8,13].

increase steadily with increasing hydrogen concentration attain-
ing ~20% at x=4.0 H/f.u. The lack of data points below x < 2.0 H/f.u.,
which is due to the instability and irreproducibility of the sam-
ples in this concentration region, precludes a reliable interpretation
within the Hirata-Figiel model [13]. Nevertheless, it is instructive
to compare the RT AV/V, values obtained for NdMn,Hy to those
reported for the other analyzed hydrides (Gd, Tb, Dy, Ho, Er)Mn;Hx
[8,13] (Fig. 2). For x<3.0H/f.u. there is an apparent gap between
the data corresponding to GdMn,Hy and the remaining hydrides. It
may be due to the difference in the electronic structure of the cen-
tral Gd ion with the zero orbital angular momentum ground state
and of the remaining rare earth ions with the vital orbital angular
momentum contributions. Above x~ 3.5 H/f.u. a dissimilar behav-
ior is observed, especially at maximum hydrogen concentration
(~4.5 H/f.u.) where the relative cell volume change AV/V; increases
monotonically with the atomic number of the rare earth element
(Fig. 2). These findings clearly indicate that at elevated hydrogen
concentrations for a heavier rare earth element in RMn;,Hy a slightly
larger (by ~1%) unit cell expansion is to be expected. This hydrogen
induced effect becomes at that high concentrations strong enough
to mask the well known contraction of the ionic radii in the lan-
thanide series [22].

3.1.2. NdMn; and its hydrides with 2.0 <x <4.0

All the samples were measured in the temperature range
70-385K assuming equal sampling intervals of 15K. Fig. 3
shows a typical temperature evolution of the diffraction pat-
tern detected for HoMnyH; 5 at low angles. The patterns were
analyzed to yield the full set of the lattice parameters pre-
sented in Fig. 4 (x=2.0 and 2.5H/f.u.) and Fig. 5a-e (x=3.0, 3.5
and 4.0H/f.u.). Additionally, Fig. 5f combines the temperature
evolutions of the pseudo-cubic lattice parameter a* for all the
samples.

For the samples with x=2.0 and 2.5H/f.u. similar structural
transformations are observed. NdMn;,H, o shows the C14 phase
(B) from the highest temperature down to ~270K and then
subsequently transforms to the orthorhombic one (y) persisting
down to ~235K. At ~235K a splitting occurs into two monoclinic
phases & and &, with low and high hydrogen content, respec-
tively (Fig. 4b). This kind of splitting into two phases with different
hydrogen contents is interpreted as a spinodal decomposition and
was already reported for the other RMn,Hy hydrides [1-8]. Using
the relative abundances and the lattice parameters of the & and
&n phases the corresponding hydrogen concentrations are esti-
mated as ~1.8H/f.u. and ~2.8 H/f.u., respectively. The splitting
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Table 1
Lattice parameters and refinement Rietveld factors obtained for NdMn;,Hy at (a) 70K, (b) 265K, and (c) 295 K.
x [H/f.u.] x=0 x=2.0 x=2.5 x=3.0 x=3.5 x=4.0
x~1.8 Xp~2.8 x~2.1 Xp~2.8 X~ 3.6 Xh~4.6
Space group 2/m11 2/m11 2/m11 C2/m11 C2/m11 2/m11 C2/mi11 2/m11 Cmcm
(a) 70K
Nd1 x 0 0 0 0 0 0 0 0
4i y  0.661(2) 0.667(4) 0.670(3) 0.668(3) 0.637(2) 0.673(1) 0.664(2) 0.672(1) £e0
! z 0.939(1) 0.948(1)  0.953(2) 00945(3)  0.932(1) 0943(1) 0936(1) 0946(1) Nd =0335(5)
Nd2 * 0 0 0 0 0 0 0 0 & 2-0.440(5)
4i y  0.329(2) 0.336(3)  0.333(3) 0.365(3) 0.338(1) 0.339(1) 0.331(2)  0.339(2)
2 z  0435(2) 0.428(2) 0.431(3) 0433(3) 0433(1) 0458(1) 0430(2) 0.431(2)
x 0 0 0 0 0 0 0 0 x=0
Mni y 0 0 0 0 0 0 0 0 Mni y=0
Atom)/site/ 2a z 0 0 0 0 0 0 0 0 4a z=0
coordinates x 0 0 0 0 0 0 0 0 x=0
ZM“Z y 0 0 0 0 0 0 0 0 4M“2 y=0.84(5)
¢ z v 1 2 v ¥ 2 1 2 ¢ z-Y4
Mn3 x  0.751(1) 0.755(4)  0.754(4) 0.735(5) 0.762(4) 0.758(3)  0.765(3)  0.748(4)
pe y  0.078(1) 0.067(2)  0.067(4)  0.092(6) 0.086(2) 0.081(2) 0.080(2)  0.089(3) x=024(8)
z  0237(2) 0.264(3)  0.264(4) 0.258(5) 0.259(2) 0.236(2) 0239(4) 0266(1) Mn3 -
x 0 0 0 0 0 0 0 0 8g y ={’/'61(4)
Mn4 y  0.165(2) 0.158(4)  0.156(6)  0.137(5)  0.159(4)  0.159(2) 0.161(2)  0.161(2) z=74
4 z  0.746(2) 0.738(4)  0.738(6)  0.735(7)  0.751(4)  0.787(2)  0.757(4)  0.769(2)
Abundance [%] 100 67(1) 33(1) 17(1) 83(1) 100 100 82(1) 18(2)
Latt. par. a [A] 5.5225(5) 5.727(2)  5.769(1)  5.780(2)  5.846(1)  5.883(1) 5.822(1) 5.815(1) 5.971(2)
Latt. par. b [A] 9.694(1) 10.031(2) 10.062(2) 10.045(2) 10.060(1) 10.061(1) 10.079(1) 10.081(1) 10.221(2)
Latt. par. ¢ [A] 8.981(1) 9388(1) 9.619(2) 9.386(1)  9.493(1)  9.483(1) 9.592(1)  9.726(1)  9.779(1)
Angle o [°] 90.03(1) 90.25(4)  90.55(3)  90.56(3)  90.65(3)  90.10(2)  90.22(2)  90.21(2)  90.00
VA% 480.7(1) 5393(3) 558.3(3) 544.7(3) 5582(3) 561.1(3) 562.9(3) 570.1(2)  596.8(4)
a* [A] 7.835(5) 8.14(1) 8.23(1) 8.17(1) 8.23(1) 8.24(1) 8.26(1) 8.29(1) 8.42(1)
a, [A] 7.834(5) 8.17(1) 8.22(1) 8.24(1) 8.26(1) 8.31(1)
dyn-n [A] 2.64(2) 2.71(6) 2.76(5) 2.72(5) 2.79(5) 2.77(3) 2.79(2) 2.77(3) 2.86(9)
Bragg R-factor 11.6 153 121 131 10.6 11.1 113 12.7 143
Rwp/Rexp 16.6/10.14 21.7/11.46 20.2/11.12 18.4/9.51 18.9/9.73 21.2/10.97
x [H/f.u.] x=0 x=2.0 x=2.5 x=3.0 x=3.5 x=4.0
X~ 3.65 Xn~4.55
Space group P63/mmc Cmcm Cmcm Cmcm Cmcm Cmcm Cmcm
(b) 265K
Nd X x=1/3 Nd x 0 0 0 0 0 0
o y y=2/3 e y 0326(2) 0333(1)  0.338(2) 0.335(2)  0.336(3) 0.335(5)
z 2=0.067(1) z 0435(2)  0428(2)  0.429(3)  0433(3)  0.438(1) 0.44(1)
X 0 x 0 0 0 0 0 0
Mn1 y 0 Mn1 y 0 0 0 0 0 0
Atom/site/ 2a z 0 4a z 0 0 0 0 0 0
coordinates Mn2 x 0 0 0 0 0 0
N 0831(1) ac y 0.839(2)  0.839(1)  0.835(1) 0.842(5)  0.862(3) 0.840(5)
Mn3 y b z Va Y4 Y4 Y Y Y4
6h " A Mn3 x 0257(2)  0237(3)  0.236(4) 0.237(4)  0.239(4) 0.240(5)
8g y 0573(3) 0557(2)  0551(3)%4 0568(3)  0.594(3) 0.58(1)
z Y Vi Y4 Y4 Y4 Y4
Abundance [%] 100 100 100 100 100 76(1) 24(1)
Latt. par. a [A] 5.5616(3) 5.767(1)  5.801(1)  5.819(1)  5816(1)  5.818(1) 5.944(1)
Latt. par. b [A] 5.5616(3) 9.989(1)  10.060(1) 10.078(1)  10.083(1) 10.081(1) 10.204(1)
Latt. par. c [A] 9.0580(1) 9.392(1)  9.467(1)  9.560(1) 9.688(1)  9.734(1) 9.791(1)
V[A3] 242.6(1) 541.1(1)  552.5(1)  560.6(1) 568.1(1)  570.9(1) 593.5(1)
a*; a;, [A] 7.856(1) 8.148(1)  8205(1)  8.245(1) 8.282(1)  8296(1) 8.32,(2) 8.40(1)
dyin-wn [A] 2.715(5) 2.73(5) 2.74(5) 2.75(4) 2.75(4) 2.78(5) 2.85(5)
Bragg R-factor 11.3 13.8 11.6 11.8 121 114 131
Rwp/Rexp 17.2/10.06 19.1/10.21 18.9/10.37 18.1/11.12 18.6/10.96 20.9/11.31

into two phases characterized each by a relatively high hydrogen
concentration were detected also for the other RMn,Hy hydrides
[3-6]. Let us note that the temperature dependence of the amono
angles for &) and &}, (Fig. 4c) reflect temperature dependent behav-
ior of both phases leading to stable structural angles and relative
concentrations when approaching 70 K.

A similar scenario of structural transformations, as for
x=2.0H/f.u., was detected for the sample with x=2.5H/f.u. but
the structural changes occur at slightly lower temperatures. The

B phase exists from 385K down to ~280K whereupon it trans-
forms to the y phase. Below ~250K the y phase splits into two
orthorhombic phases y; and y}, with different hydrogen contents
~2.1 and 2.8 H/f.u., respectively (Fig. 4e). Below ~235K both the
orthorhombic phases transform to the monoclinic ones ¢ and ¢y,
withx; ~ 1.9 and x;, ~ 2.9 H/f.u., and persist down to the lowest tem-
peratures. However, unlike for x=2.0 H/f.u., no irregularities in the
temperature behavior of the amono angle for g; or &}, were observed,
which supports the monoclinicity of both phases (Fig. 4f). The above
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x [H/fu.] x=0 x=2.0 x=25 x=3.0 x=3.5 x=4.0
x~3.7 Xp~4.5
Space group P63 /mmc P65 /mmc P65 /mmc Cmcm Cmcm Cmcm Cmcm
(c) 295K
Nd x 13 1/3 13 Nd x 0 0 0 0
o y 23 23 23 f y  0337(2) 0.338(2) 0.336(3)  0.335(5)
z 0.065(1) 0.064(1) 0.064(1) z  0.436(2) 0.435(1) 0.438(1)  0.44(1)
X 0 0 0 x 0 0 0 0
Mn1 y 0 0 0 Mn1 y 0 0 0 0
) 2a z 0 0 0 4a z 0 0 0 0
Atom/.51te/ x 0 0 0 0
coordinates Mn2 y  0.839(1) 0.840(3) 0.835(3) 0.835(5)
Mn3 P 0.832(1) 0.837(1) 0.835(1) 4c z Y Va Va Va
6h y 2x 2x 2x
z Ya Y4 Va Mn3 x  0.259(2) 0.256(3) 0.256(4)  0.248(6)
s n y  0.579(3) 0.578(1) 0.577(3)  0.575(7)
S : Y Vi Vi Y
Abundance [%] 100 100 100 100 100 74(1) 26(1)
Latt. par. a [A] 5.5672(3) 5.774(1) 5.802 5.822 5.820 5.823 5.944(2)
Latt. par. b [A] 5.5672(3) 5.774(1) 5.802 10.076 10.085 10.082 10.209(1)
Latt. par. c [A] 9.0633(2) 9.409(1) 9.462 9.563 9.691 9.737 9.798(1)
VIA3] 243.3(1) 271.7 (1) 275.8(1) 561.0(2) 568.8(2) 572.2(2) 594.6(3)
a*[A] 7.864(1) 8.159(2) 8.201(2) 8.247(2) 8.285(2) 8301(2) 8.408(3)
AV|V, [%] - 0.116(1) 0.134(1) 0.153(1) 0.169(1) 0.176(1)  0.222(1)
dyn-mn [A] 2.74(2) 2.82(3) 2.86(3) 2.80(5) 2.80(5) 2.83(3)  2.87(5)
Bragg R-factor 10.9 10.8 9.8 10.6 10.1 10.6 12.1
Ruwp/Rexp 17.8/1043  19.7/10.6 18.9/11.1 18.0/10.79  18.1/11.01 19.9/11.86

a* and a;, - non and weighted pseudo-cubic lattice parameters, respectively.

transformations are illustrated in Fig. 6 in terms of the evolution of
the hexagonal line (205).

For the samples with x=3.0 and 3.5 H/f.u. no spinodal decom-
positions were observed. Only the structural transformations of
the B — y — € type were detected at ~310 and ~250K and ~325
and ~205K for x=3.0 and 3.5H/f.u., respectively (Fig. 5). Fig. 7
presents the diffraction lines of the NdMnyH3 o sample at three
temperatures: 340K, 265K, and 70K which correspond to the
hexagonal, orthorhombic, and monoclinic phases, respectively. The
most intense lines are indexed. The lattice parameters of the hexag-
onal phase at 340K are: a, =5.8333(2)A, ¢, =9.5884(3) A, and for
the other phases are collected in Table 1a and b. Relatively high
R-factors are typical for the patterns of the RMn,Hy hydrides when
obtained with the XRD diffractometer equipped with Cu-anode
lamp.

Diffraction lines of the orthorhombic phase (Fig. 7b) are slightly
broadened and show lower intensities in comparison to the
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Fig. 3. Temperature evolution of diffraction lines for NdMn,H; 5. Additional lines
come from NdO, oxide and form copper sample holder.

hexagonal phase lines (Fig. 7a). In turn, Fig 7c presents already
clearly visible splits of reflections of the monoclinic phase. The
refinement of the XRD patterns of the hydrides with x=3.0 and
3.5 H/f.u. were the basis for the refinements of the other two-phase
hydrides, especially these with x=2.0 and 2.5 H/f.u. where over-
lapped lines can mask the individual behavior of the phases.

For the NdMnjH4o sample a coexistence of two phases
in the whole temperature range 70-385K was found. Both
phases undergo independent structural transformations on low-
ering temperature. The phase with subscript ‘I' corresponds to
a lower hydrogen concentration (~3.6 to 3.7H/f.u.), whereas
the other one with subscript ‘h’ corresponds to a higher
hydrogen content (~4.4 to 4.6 H/f.u.). A spinodal decomposition
above the highest temperature accessible experimentally may be
anticipated.

In general, the temperature dependences of the lattice param-
eters for all the hydrides discussed here are rather irregular and
non-monotonic, except for the temperature ranges where the
hexagonal phases are detected. Apparently, in Fig. 5f showing the
temperature dependence of the pseudo-cubic lattice parameter a
straight line separating the y and g phases can be drawn (the dot-
ted line). A similar observation was made for HoMn,Hx_C15 and
C14 with x> 2.0H/f.u. [7,8].

3.2. Magnetic properties

3.2.1. M(T) measurements

The thermal dependence of the magnetization M(T) in the exter-
nal field of 0.5 and 10 kOe is presented in Fig. 8 for all the hydrides.
Both the low-field and the high-field data show a variable behavior
reflecting the structural changes of the samples with tempera-
ture. The measurements enable to estimate the temperatures of
magnetic transitions Tyc. Moreover, for x=2.5 and 3.0H/f.u. the
effective moments per formula unit fteg=(3kgCrmot/N(1tg)?)1? as
well as the Weiss temperature ® were determined using the
Curie-Weiss law in the high-temperature paramagnetic regime
for the 10kOe field data. The results are compared with those for
the host material NdMn;, [16] and listed in Table 2. The individual
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effective moment of the Nd3* free ion is 3.62 g [16]. It is substan-
tially smaller than the values found for the hydrides with x=2.5
and 3.0H/f.u (~5.0 g and ~4.5 g, respectively) and it exceeds the
value of ~2.0 wp reported for Nd atom in NdMn; [17]. The latter
fact is understandable as the crystal field effects at the Nd ion are
expected to suppress the value of its magnetic moment. The large
discrepancies between the detected values of 1.¢ and the expected
value for Nd3* confirm the presence of finite magnetic moments
at the Mn sites. Assuming the value of g =2.0 ug and using the
relation fregr=[2(ftmn)? + (Ung)?]1/2 one can estimate the magnetic
moment of the Mn site v, asequal to~3.2 ug and ~2.8 g, respec-
tively. These values are higher than the value of 2.4 g found from
the neutron diffraction experiment for NdMn, [17]. This can be
attributed to the fact that in the hydrogenated samples the Mn-Mn
distance is larger than in the host material giving rise to a better

Table 2
Magnetic parameters in the paramagnetic state at H=10kOe and temperatures of
structural transformations of NdMn;Hy hydrides.

X [H/fu] Meff [[LB/fu] 6 [K] TN.C [K] Ts+10 [K]

0.0 4,12 372 1042 107

2.0 - - 245+3 235, 265

25 5.0+1.0 210+40 250+5 235, 250, 280

3.0 4.0+1.0 200+ 50 26545 250, 300

3.5 - - 275+15 205,315

4.0 - - >300° 130¢, 330¢, 360¢
Ts - temperature of structural transformation (underbars mark transformation
y—B)

a Ref. [16].

b Expected temperature range.
¢ Phase with low hydrogen content.
d Phase with high hydrogen content.

stabilization of the Mn moments and an ensuing increase in their
magnitudes.

It can be seen that on lowering temperature the magnetic tran-
sitions usually follow the structural transformations detected in
the samples, reflecting the presence of the correlation between the
structural changes and the magnetic interactions in the compounds
under study. One can presume that this rather complex magnetic
behavior of the hydrides is a result of the peculiar property of the
host NdMn, material showing the spin reorientation at 50 K[17]. At
the same time, a substantial increase of the magnetic ordering tem-
peratures with increasing hydrogen content should be attributed to
the primary role played by the manganese sublattice in the deter-
mination of the NdMn,Hy magnetism. This is due to the relatively
more accessible and unshielded character of the 3d electrons as
compared to those residing in the 4f rare earth shell. The grad-
ual extension of Mn-Mn distances, taking place in the process of
increasing hydrogen content, is expected to enhance considerably
the magnitude of exchange interactions within this sublattice. Mag-
netic moments on the Mn sites become more and more localized
and thus boost the stabilization of the magnetically ordered phase.
In the following subsections it will be discussed in detail.

3.2.1.1. Hydrides with 2.0 <x < 3.0. The shapes of the M(T) curves
for the samples with x=2.0, 2.5 and 3.0 H/f.u. are roughly similar
(Fig. 8). The main difference lies in the magnitude of the magneti-
zation of NdMn,Hjs o revealing definitely the strongest signal. This
is consistent with the gradual expansion of the lattice due to hydro-
genation and the anticipated stabilization of the magnetic moments
on the Mn sites. Both in low and high magnetic field characteristic
jumps/inflections in the M(T) curves appear between 120 and 140K
followed by broad plateaus and relatively sharp magnetization
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drops at the magnetic ordering temperatures. The magnetic order-
ing temperature (T c) rises with increasing x and amounts to ~245,
~250K, and as much as ~265 K for x = 2.0, 2.5 and 3.0 H/f.u., respec-
tively.

In order to rationalize the observed thermal evolution of the
net magnetic moment of the samples one has to keep in mind the
findings of the structural analysis. For x=2.5H/f.u. at ~235K the
splitting into two phases (&) and &},) with different hydrogen con-
tents of ~1.9 and ~2.9 H/f.u. was clearly observed. Let us assume
that the phase with lower x (&) is a collinear antiferromagnet like
it was the case for the (Gd,Tb)MnyH, hydrides with x=2.0H/f.u.
[3,4] which was confirmed by neutron diffraction [10]. The ¢,
phase seems then to be of the ferrimagnetic type. Consequently,
the x=3.0 H/f.u. sample should be considered as a ferrimagnet like
the hydrogen rich ¢, phase, which is corroborated by the obtained
results. However, the mass magnetization of the hydrogen rich
phase &}, calculated on the basis of the abundances of & and ¢}, in
the x=2.5 H/f.u. sample (Fig. 4e) amounts to ~1.3 Gcm?3/g. It is one
order of magnitude lower than the value of ~13.0 G cm3/g (Fig. 8b)
detected in the x=3.0 H/f.u. sample in this temperature range. This
indicates that both phases are not magnetically equivalent and/or
the compounds show a high sensitivity to hydrogen concentration.
The latter fact seems to be further confirmed by the case of the

x=2.0H/f.u. sample, where despite the same crystal symmetries of
the ¢ and ¢, phases and an essentially different thermal evolu-
tion of their abundances (Fig. 4b), roughly the same value of the
magnetization at 150K < T< 230K (~1.0 Gcm?/g) is observed. The
different M(T) evolution for both x for T<150K reflects probably
the complexity of the abundance behavior. The fact that the low
temperature magnetization for x=2.0 H/f.u. exceeds that of x=2.5
suggests that even the ¢; phase acquires a comparable nonzero
net magnetization, which is in line with our earlier presumption
of a higher structural symmetry of the & phase. The characteristic
M(T) increase detected for both hydrides at ~120 to 130K implies
some reorganization of the magnetic order involving a possible
spin reorientation process of the Nd and Mn sublattices. A similar
behavior was observed for the cubic hydrides/deutrides [23].

3.2.1.2. Hydrides with x=3.5 and x=4.0.. The magnetization curve
for x=3.5H/f.u. is strongly correlated with the structural trans-
formations of that hydride discussed in Section 3.1. The low-field
magnetic anomaly with the maximum at 180K follows closely the
lowering of symmetry of the unit cell at ~190K (8 — y). At ~150K
slight irregularities of the lattice parameters (mono and Cmono) are
observed (Fig. 5b) signaling a possible reorganization of the mag-
neticorder. The magnitude of the magnetization for the x=3.5 H/f.u.
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Fig. 6. Temperature evolution of diffraction line (205),ex for NdMnyH, 5 with
marked intervals of structurally different phases.

and x=3.0 H/f.u. samples are substantially different implying a dif-
ferent type of magnetic ordering linked with a possible change
of the magnitudes of the local moments on the Mn and Nd sites.
The latter feature may be attributed to the fact that at this high
hydrogen concentration the AB3 interstitial sites start to be filled. A
similar behavior was reported for the other RMn;,Hy hydrides [13].
The experimental temperature limit precludes the determination
of magnetic ordering temperature Ty c. In the next paragraph deal-
ing with hysteresis loops it will be argued that the sample with
x=3.5H/f.u. at T=290K is already in the paramagnetic state.

The two-phase hydride NdMny;Hzo shows two mag-
netic anomalies in the low-field measurement at ~95K and
~110K (Fig. 8c). Both peaks are rather weekly related to the
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Fig. 8. Magnetization of NdMn,Hy hydrides vs. T in external field of 0.5 and 10 kOe.

structural transformations. Only small irregularities in the temper-
ature dependence of the abundance weighted pseudo-cubic lattice
parameter a* can be noticed (Fig. 5f, the dotted line) which mainly
come from the wave-like feature in the lattice parameter bmono VS.
T detected in this temperature region (Fig. 5c). The low tempera-
ture peak disappears in the external field of 10 kOe and is replaced
by a regular elevated signal falling abruptly at the temperature
corresponding to the high temperature peak. The magnetization
signal above ~120K (in both 0.5 and 10 kOe) decreases smoothly
up to the temperature limit of the measurement (Fig. 8e). It
suggests, like for the other RMny(H/D)4,0-45 hydrides/deuterides
[3-5,24], that the magnetic ordering temperatures of both phases
should be observed above 300K. The NdMnyH,4 o hydride shows
the largest value of magnetization below 100K of all the hydrides,
which can be attributed to a presumable spin reorientation process
in the g, phase. Owing to the fact that the system is two phased
and due to the lack of magnetic measurements for hydrides with
the nominal hydrogen concentration above x=4.4 H/f.u. it is very
difficult to unravel the magnetic behavior of both constituent
phases (& and ¢&y,).

3.2.2. M(H) measurements

Fig. 9 shows the magnetization curves M(H) and/or hysteresis
loops for the single-phase samples with x=3.0 and 3.5 H/f.u. at var-
ious temperatures. It is apparent that the applied field of 10 kOe is
still insufficient to orient the Nd and Mn magnetic moments par-
allel to the field direction in both hydrides. The high temperature
data (290K) confirm that the sample is in a paramagnetic state
(x=3.0H/f.u.) or close to it (x=3.5H/f.u.).

The hysteresis loops obtained at 77K are rather wide, the
coercive fields are 2.6kOe and 2.0kOe for x=3.0 and 3.5H/f.u,,
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Fig. 9. Magnetization curves vs. external field for single-phase NdMn,Hsp (a) and
NdMn,Hs5 (b) hydrides at different temperatures.

respectively. Such shapes of the hysteresis loops indicate a ferro-
or ferrimagnetic ordering in the low temperature phases of the
samples and the presence of the considerable magneto-crystalline
anisotropy.

At 150K for x=3.0H/f.u. and at 183K for x=3.5 H/f.u. the M(H)
curves behave in a different way. They are relatively narrow, which
may point to a rearrangement of the magnetic moments in the
samples. Such a behavior confirms the previous suggestions of com-
plicated magnetic structures in both the hydrides. Interestingly,
there is a threefold change of the magnetization magnitude of both
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Fig. 10. Tentative structural phase diagram for NdMn,H, hydrides. Squares
correspond to magnetic ordering temperatures. Green dashed line separates para-
magnetic and magnetically ordered states. Symbols S, y, and ¢ denote hexagonal,
orthorhombic and monoclinic phase, respectively. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

hydrides at the corresponding temperatures (Fig. 9). This may be
rationalized if one assumes that in the phases of the x=3.5H/f.u.
hydride the magnetic moments at the two Mn sites are approxi-
mately parallel and that at the Nd site is antiparallel (1| 1), whereas
in those of the x=3.0 H/f.u. hydride the magnetic moments at all the
sites are roughly parallel (111). It is clear that these arrangements
would account for the threefold difference in the magnitude of the
magnetization, if only the magnetic moments at all the sites are
comparable. This condition may well be fulfilled because the plau-
sible values of the Mn magnetic moment in this class of compounds
fall in the range of 2.5-3.5 up, whereas the upper limit for the Nd
magnetic moment is ~3.7 wp.

4. Conclusions

Taking into account the XRD results it was possible to draft a
structural phase diagram for the NdMn;Hy hydrides (Fig. 10). In
comparison to the other (Gd,Tb,Er,Ho)Mn;,Hy [3-5,7,8] compounds
the area for x<2.0 H/f.u. is missing, which is due to the difficulties
in obtaining stable and reproducible hydrides in this concentration
range. The analysis of the XRD patterns for the hydrides with such a
low hydrogen content indicated also a high level of amorphization
of the samples. A similar behavior was observed for the SmMn,Hy
hydrides with x <2.0 H/f.u. [25], which can suggest that the RMn;Hy
hydrides with light lanthanides do not create stable compounds
with low-hydrogen concentrations.

For all the examined hydrides the structural transformations
share the same phase sequence from the high-temperature hexag-
onal phase via the orthorhombic one and finally to the monoclinic
one (8 — y — ¢€). The NdMn;,Hy samples with x=2.0 and 2.5 H/f.u.
split into two phases with different hydrogen contents. It is worth
noting that the (Gd,Tb,Er,Ho)Mn,H, o hydrides reveal a single-
phase in the whole temperature range [3-5,7,8], whereas a spinodal
decomposition into two phases (with x;~1.9 and x, ~2.1 H/f.u.)
was observed for SmMnyH; o only [6]. This observation makes a
clear distinction between RMn;,Hy hydrides with light and heavy
lanthanides. It is also surprising that the ¢}, or particularly &; phases
in NdMnyH; ¢ and NdMn;,H, 5 should not be equivalent (Fig. 5f).
One could expect that the corresponding phases would have the
same hydrogen concentrations similarly to what was observed for
(Gd,Tb,Er,Ho)Mn,Hy with x < 2.0 H/f.u. [3-5,7,8].

Only the samples with x = 3.0 and 3.5 H/f.u. reveal a single-phase
in the whole temperature range keeping, however, the same struc-
tural transformation sequence 8 — y — €.

In turn, for the sample with the highest nominal hydrogen
concentration x=4.0H/f.u. two phases with different hydrogen
contents are observed in the whole temperature range follow-
ing probably a spinodal decomposition located somewhere above
385 K. Such a behavior was also reported for ErMnyH, 3 [5].

Unusually complicated structural transitions of the NdMn;Hy
hydrides are reflected in the magnetic results. Since most of the
samples are two-phased, the construction of even a tentative mag-
netic phase diagram is no mean feat. The only thing one can be
reasonably sure of is the location of the transitions from the param-
agnetic to the ordered state. Hence, for the sake of comparison, the
estimated values of Ty ¢ (see Table 2) are plotted as green squares
in the structural phase diagram (Fig. 10). A green dotted line was
drawn to separate the paramagnetic from the magnetically ordered
states. One can see that the temperatures of the structural trans-
formations of the 8 — y type and those of the magnetic ordering
transitions do not coincide with the latter being slightly lower than
the former.

Such high Ty were also observed and reported for the other
RMn,Hy hydrides [3-8] and can be likewise explained as due to the
hydrogen induced shift of the Mn-Mn distances above the critical
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distance for the stabilization of the magnetic moment at the Mn
sites. It leads to a better localization of the Mn magnetic moments
and in consequence to a strong increase of the magnetic ordering
temperature. The magnetic properties of the NdMn, Hy hydrides are
generally governed by a relative importance of the Mn-Mn, Mn-Nd
and Nd-Nd exchange interactions. The improving stability of the
Mn moments along with the increasing strength of the Mn-Mn
coupling cause an increase of Ty ¢ with x.

Table 1a-c shows that the distance dyn_mn <2.7 A is observed
only for the host material NdMn, at 70K. For all its hydrides the
distance is higher than 2.7 A and shows tendency to increase with
growing hydrogen content and temperature what well correlates
with increasing magnetic ordering temperature related to localiza-
tion of Mn moments and their exchange interaction.

The results reported in the present paper form the solid basis for
further more elaborate studies of this striking class of compounds.
Providing a crucial insight into the phase behavior they are still
far from sufficient to unravel the detailed magnetic structure. To
gain a definite knowledge of the patterns of magnetic ordering and
the magnitudes of the constituent magnetic moments one should
refer to the technique of neutron diffraction. Such experiments are
currently in progress and will be reported elsewhere.
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