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a b s t r a c t

Powder samples of cubic HoMn2Hx hydrides, with 0 ≤ x ≤ 4.3, have been investigated by X-ray diffraction
and AC/DC magnetometry as a function of temperature and external magnetic field. Hydrogen is demon-
strated to strongly modify structural and magnetic properties. X-ray studies revealed many structural
transformations placed at low temperatures. In particular, a transformation from the cubic to the mono-
vailable online 21 October 2010
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clinic structure was detected, which so far has not been reported for other cubic RMn2Hx (R – rare earth or
Yttrium) compounds. The structural transformations are reflected in the magnetic behavior. The change
in ordering temperatures implies a very strong relationship between the magnetic interactions and the
Mn–Mn distance modified at hydrogen absorption. Tentative magnetic and structural phase diagrams are
proposed. The presented results are compared with the properties of other cubic and hexagonal RMn2Hx
agnetic measurements
hase diagram

hydrides.

. Introduction

The hydrides of Laves phase type intermetallic compounds
Mn2 (R – rare earth or Yttrium) have been intensively studied
ue to their unusual physical properties. These compounds can
asily absorb large amounts of hydrogen (about 4.5 H atoms per
ormula unit). In recent years, many investigations have proved
hat H atoms usually occupy tetrahedral A2B2 and AB3 sites. In

ost of the Laves phase hydrides H atoms occupy only A2B2 sites
t low hydrogen concentration, whereas AB3 sites start to be filled
bove x ∼ 3.0 [1,2]. Significant increase of the relative volume of the
nit cell due to hydrogen absorption causes strong modifications
f structural and magnetic properties of those hydrides.

Systematic research of the rare earth compounds with Mn
hows the important role of Mn–Mn distance, which determines
he magnetic interactions in the RMn2Hx systems and leads to com-
licated patterns of magnetic ordering. Above the critical value of
n–Mn distance dc ≈ 2.7 Å [3] a strong localization of the magnetic
oment at manganese sites is observed leading to a frustrated Mn

ublattice [4]. The lattice parameter of our host material HoMn2

≈ 7.531 ´̊A at RT gives Mn–Mn distance (dMn–Mn = 2.66 Å) slightly

elow the critical value dc, and therefore after the hydrogenation
rocess we should expect many complex magnetic structures in
his system.

∗ Corresponding author: Tel.: +48 12 662 8142; fax: +48 12 662 8458.
E-mail address: andrzej.budziak@ifj.edu.pl (A. Budziak).
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© 2010 Elsevier B.V. All rights reserved.

The present paper is a next step in a comprehensive work con-
cerning the structural and magnetic properties of RMn2Hx hydrides
(R–Y, Gd, Tb, Dy, Er and Sm).

The pure HoMn2 compound crystallizes either in the cubic C15
or in the hexagonal C14 structure, depending on the heat treatment
[5]. Structural and magnetic results presented here were carried
out for the C15 structure (space group: Fd-3m). We tried to find
the similarities to the other RMn2 cubic structures, simultaneously
having in mind a strong affinity of both the C15 and C14 polytypes
[6,7]. It is well known, that those structures are closely related to
each other, however, it is still unclear whether the difference in
cubic or hexagonal packing affects the properties of hydrides.

2. Experimental details

The samples of HoMn2Hx with different hydrogen concentration x = 0.55, 1.0,
1.65, 2.0, 2.5, 3.0, 3.5, and 4.3 were prepared. The standard technique for the sample
preparation and hydrogenation process was used as reported elsewhere [8,9]. The
quality of the HoMn2Hx hydrides were checked by X-ray diffraction technique.

The X-ray powder diffraction (XRD) measurements have been carried out on
the Siemens D5000 diffractometer with Cu K� radiation (� = 1.54056 Å), and with
continuous flow cryostat in the temperature range from 70 to 380 K. The data were
collected in a process of heating. At each step the temperature was stabilized (at
least 40 min) in order to reach the thermal equilibrium. For identification of the XRD
patterns the FullProf program [10] based on the Rietveld method [11] was used.

The AC/DC susceptibility at the temperature range 4–300 K and the field depen-
dence of the magnetization M(H) of the samples were measured with the LakeShore

VSM 7225 magnetometer. The temperature dependence of magnetization was
obtained using both ZFC and FC modes. The magnetic measurements were done
in a process of heating as well.

Additionally, the field dependence of the magnetization M(H) was recorded for
hysteresis loops in ±10 kOe field mode using the Lake Shore 7300 magnetometer at
77 K.

dx.doi.org/10.1016/j.jallcom.2010.10.060
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:andrzej.budziak@ifj.edu.pl
dx.doi.org/10.1016/j.jallcom.2010.10.060
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ig. 1. The relative change of the unit cell volume as a function of hydrogen con-
entration for HoMn2Hx . The solid line represents the fit to the model from [15].

In the paramagnetic state above the ordering temperature the magnetic behav-
or was characterized by the Curie–Weiss relation:

(T) = �dia + C

(T − �)
(1)

ith �dia = −1.6 × 10−7 cm3/g estimated from the tabulated data [12].

. Results

.1. The X-ray diffraction results

Most of the HoMn2Hx (with x ≤ 3.5) hydrides revealed the
ingle-phase C15 cubic structure at room temperature. Only the
ample with x = 0.55 consisted of two phases with a different hydro-
en content at RT. The disproportion between the H concentrations
llows us to suggest the spinodal decomposition of the sample
ith x = 0.55 into hydrogen deficient and hydrogen rich phases. The

ully hydrogenated sample with x = 4.3 have revealed well-defined
hombohedral structure (space group: R3̄m, no. 166). This behavior
s very similar to the other cubic systems with Gd, Y and Dy [9,13,14]

here that type of structural distortion for saturated hydrides was
ound.

The increase of hydrogen concentration in the system causes the
xpansion of the lattice parameters and consequently the growth
f the unit cell volume. The relative volume �V/V0 as a function of
ydrogen content (Fig. 1) was fitted with Eq. (2) according to the
odel proposed in [15] yielding parameters: B0 = 6 ± 0.5, b = 10 ± 1,

C = 3.2 ± 0.1, P = 0.6 ± 0.1.

�V

V0
=

[
B0 + bx

B0

]1/b

− 1; for x < XC

�V

V0
=

[
B0 + b (XC + (1 − P) (x − XC ))

B0

]1/b

+
[

B0 + Pb ((x − XC ))
B0

]1/b

− 2; for x ≥ XC

(2)

The value of the XC parameter indicates that the filling of AB3
nterstitial sites by hydrogen occurs for hydrogen concentrations
> ∼3.2.

The set of lattice parameters gained from diffraction patterns

t 70 K and 300 K for all analyzed samples is listed in Table 1. The
attice parameters of rhombohedral and monoclinic structures are
onverted to the pseudo-cubic system according to the relations:
arh

* = [2(arh)2crh/(3)1/2]1/3, am
* = [ambmcm (sin ˇ)]1/3.
ompounds 509 (2011) 1347–1354

3.1.1. The 0 ≤ x < 2 range
In this hydrogen concentration range the sample with x = 1.0

reveals the most interesting behavior. The XRD-patterns for this
hydride taken at different temperatures are presented in Fig. 2. Two
characteristic temperatures of 295 K and 205 K are clearly visible.
From the highest temperatures down to 295 K we observe only one
cubic structure (the ˛ phase, Fd-3m space group) and below this
temperature we can see the splitting of it into two structurally dif-
ferent phases. In contrast to other hydrides based on Gd, Tb or Er
[9,16,17], only one of them keeps the host structure down to the
lowest temperatures. We found that the lattice parameters of this
phase are comparable with those of pure HoMn2 (the ˛0 phase)
compound. However, the other component transforms from the
cubic structure to the rhombohedral one (the ır phase, R3̄m space
group) at 295K and next to the monoclinic one (the εr phase, C2/m
space group) at ∼205 K, which is signaled by a large splitting of
the (2 2 0)m,r line (Fig. 2). These structural transformations are fully
reversible, so heating the sample above the transition point leads
to the reconstruction of the uniform cubic structure. These types of
transformations were not observed for any RMn2Hx (R: Gd, Y, Dy,
Tb, Er, Sm) hydrides [9,13,14,16–18].

More detailed information of the structural transformations for
x = 1.0 and other samples with x ≤ 1.65 are presented in Fig. 3.
For the sake of clarity and easier comparison, all lattice parame-
ters of the monoclinic and rhombohedral structures are presented
as converted to the pseudo-cubic structure (Section 3.1). In the
HoMn2H1.0 hydride abundances of the component phases are
almost equal at low temperatures with a little advantage of the
hydrogen rich phase (Fig. 3d). The ır phase is interesting because it
can be understood as an intermediate phase between εr and ˛. Its
lattice parameters decrease with temperature (range: 200–290 K)
and its abundance increases. It can be related to a gradual diffusion
of hydrogen from the ır to the ˛0 phase. Above ∼290 K both phases
transform to the single ˛ phase.

For x = 0.55 two separate phases exist, also structurally different
in the whole temperature range (Fig. 3a and b). The lattice parame-
ters of one of them tend again towards those of pure HoMn2 (the ˛0
phase) system at lower temperatures (Fig. 3a). For the other phase
only one structural transformation at ∼200 K is observed, from the
monoclinic (εr) to the rhombohedral (ır) phase which holds to the
highest temperatures.

On the basis of the comparison of the lattice parameters of the
pure HoMn2 compound and its hydrides with x = 0.55 and 1.0 and
their relative abundances (Fig. 3a–d) we could calculate the amount
of hydrogen in ˛0 as ∼0.04 H at./f.u. and in εr as ∼1.6 H at./f.u.
The corresponding values are almost identical for both hydrides
below ∼200 K and comparable with those obtained for (Gd, Tb,
Er)Mn2Hx [9,16,17]. The corresponding abundances of the ˛0 and
εr phases change with the nominal hydrogen concentration of the
sample, which is in agreement with the requirement of constant
total hydrogen amount in the sample. It is interesting that for the
systems with Ho we do not observe the intermediate phase like for
hydrides with Tb and Gd but the distortion to lower symmetry for
the hydrogen rich phase. We explain the low temperature splitting
into two phases, the hydrogen deficient (˛0) and the hydrogen rich
(ır or εr), as being due to the spinodal decomposition, which was
already reported for the RMn2Hx Laves phases [9,16–18] and other
RHx hydrides [19].

For hydride with x = 1.65 on cooling a sequence of single-phase
transformations (˛ → ır → εr) is observed like that detected for
x = 0.55 and 1.0 (Fig. 3e and f). One can see that the temperatures of
transformations are insignificantly shifted towards lower temper-

atures in comparison with those for x = 1.0. The lattice parameters
do not change monotonically but reveal characteristic jumps which
correspond to structural transformations. The comparison of the
lattice parameters for x = 1.65 with those of hydrogen rich phase
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Table 1
Structural parameters of HoMn2Hx hydrides at 70 and 300 K.

Hydrogen content x Structure at 70 K Unit cell parameters [Å] Structure at 300 K Unit cell parameters [Å]

0.0 C15 a = 7.467(6) C15 a = 7.531(3)
C15 a0 = 7.470(5)

am = 9.376(8) a0 = 7.645(7)
0.5 bm = 5.532(8) 2 Phases ar = 7.759(2)

C2/m cm = 8.925(0) C15 a** = 7.689(3)
ˇm = 90.72(0)◦

am,r
* = 7.736(2)

C15 a0 = 7.468(3)
1.0 am = 9.379(6)

bm = 5.537(4) C15 a = 7.776(1)
C2/m cm = 8.932(6)

ˇm = 90.66(1)◦

am,r
* = 7.738(8)

am = 9.399(6)
bm = 5.533(8)

1.65 C2/m cm = 8.931(8) C15 a = 7.853(4)
ˇm = 90.71(1)◦

am
* = 7.741(2)

2.0 C15 a = 7.879(1) C15 a = 7.894(2)
arh = 5.633(4),

2.5 R3̄m crh = 13.564(4) C15 a = 7.953(7)
arh

* = 7.939(4)
C15 a = 7.914(7)

arh = 5.6562(3)

3.0 R3m crh = 13.761(8) C15 a = 7.998(8)
arh

* = 7.981(6)
3.5 C15 a = 8.045(4) C15 a = 8.061(6)

arh = 5.829(1) arh = 5.831(2)
4.3 R3̄m c = 13.951(1) R3̄m c = 13.987(8)

1)
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rh

arh
* = 8.180(

m
* , arh

* – parameters of monoclinic and rhombohedral structures converted to pseu
nd hydrogen rich phases, respectively; a** – abundance weighted lattice paramete

or x = 0.55 and 1.0 (Fig. 3e) below 205 K shows their mutual over-
apping, which confirms the presence of the same monoclinic εr

tructure for all the hydrides. Such reversible transformations could
e of martensitic type.

.1.2. The 2 ≤ x ≤ 4.3 range
The complete temperature dependences of the lattice param-

ters for 2 ≤ x ≤ 4.3 are presented in Fig. 4. For this x range a
ombination of two structures, the cubic one (˛) and the rhom-
ohedral one (ı) is observed. Lattice parameters of the ı phase

ere converted to the pseudo-cubic system. Only the sample with
= 2.0 persists with the cubic C15 structure in the whole temper-
ture range without any traces of distortion. A small jump of the
attice parameters of the sample is visible at ∼295 K.

ig. 2. The temperature evolution of the (2 2 0), (3 1 1) and (2 2 2) diffraction lines
or HoMn2H1.0 (see text for more details)..
rh

arh
* = 8.189(2)

bic system, respectively; a0,r – subscripts ‘0’ and ‘r’ correspond to hydrogen deficient

In contrast, the most complicated behavior is observed for the
x = 2.5 hydride. From the lowest temperature up to ∼305 K a split-
ting into two phases occurs again. No one of the cubic RMn2Hx

hydrides reveals such a behavior for 2 < x < 3. Fig. 5 shows the XRD-
pattern for HoMn2H2.5 obtained at 70 K with the weighted fit to two
structures, cubic ˛l and rhombohedral ıh. In this case the splitting
into two phases is not as obvious as it was for samples with x = 0.55
or 1.0. That is why the fit to another monoclinic structure was taken
into consideration as well. The Bragg factors for both solutions
were comparable, however, the mixture of cubic and rhombohe-
dral structures seems to be more consistent with the final structural
phase diagram. For both phases it was possible to estimate the
hydrogen contents. The ˛l phase corresponding to lower hydrogen
concentration has ∼2.3 H at./f.u. and the ıh phase (higher hydrogen
concentration ∼2.8 H at./f.u. Abundances of both the phases at 70 K
amount to 60% and 40%, respectively. Above the structural transi-
tion at ∼305 K only one cubic phase (˛) is observed. This type of
the decomposition into two phases was reported only for hexago-
nal series (Er, Sm and Nd)Mn2Hx with 2.0 < x < 3.5 [17,18,20], which
suggests that the cubic HoMn2Hx hydrides reveal features of hexag-
onal systems.

The HoMn2H3.0 and HoMn2H3.5 hydrides show the same struc-
tural transitions but in different temperature ranges. For sample
with x = 3.0 the rhombohedral unit cell exists up to 275 K and for
x = 3.5 up to ∼300 K. On further heating both the hydrides undergo
a phase transition to the single ˛ cubic phase at ∼313 K and ∼321 K,
respectively, via an intermediate phase (˛ + ı), see Fig. 4.

For the lattice parameters of the samples with 2.0 ≤ x ≤ 3.5 it
was possible to draw a straight line (dotted line, Fig. 4) deter-

mining structural transformations or jumps of lattice parameters
for these hydrides. It is interesting that thermal expansion coef-
ficients ((�a/a)/�T) calculated for the ˛ phase lying to the
right of the dotted line are comparable for all the hydrides
and amount to (2.2 ± 0.1) × 10−4 K−1. The coefficient for the
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The M(T) curves for the various HoMn2Hx hydrides recorded
at the external field of 200 Oe are presented in Fig. 7. The mag-
netization curves versus external magnetic field M(H) for all the
ig. 3. (a–e) The unit cell parameters and relative abundances of cubic (˛, ˛0 and
unction of temperature. Descriptions of symbols as in Table 1. If not marked other

hase with x = 2.0 lying to the left of the dotted line reaches
7.1 ± 0.1) × 10−5 K−1. It is larger than those of (Tb, Gd)Mn2Hx

2.0 < x < 3.0) (∼1.0 × 10−5) K−1, which is probably due to Ho behav-
or in the lattice.

For the sample with hydrogen concentration x = 4.3 the single
hombohedral phase ı is observed from the lowest temperatures up
o ∼365 K (Fig. 6). Above this temperature up to 385 K coexistence
f two phases (˛ + ı) is visible. Further increase of temperature
eads to the appearance of the ˛ phase. The process is reversible
nd decreasing the temperature forces a return to the ı structure.
he related behavior (such a high temperature of the first struc-
ural transformation) was observed in GdMn2Hx [9] and it seems
o be the result of filling AB3 interstitial sites by hydrogen atoms

nd it is in agreement with the Hirata–Figiel model [15]. Smaller
olume of that type of interstitial site in comparison with A2B2
ite could lead to an unstable cubic structure and in consequence
he C15 unit cell transforms to the rhombohedral system with

ig. 4. The lattice parameters and abundances of HoMn2Hx (x = 2.0, 2.5, 3.0, 3.5, 4.3)
s. temperature.
ombohedral (ı and ır) and monoclinic(ε and εr) phases for HoMn2Hx (x ≤ 1.65) as
rror bars do not exceed symbol size.

lower symmetry but larger volume of the unit cell. However, due
to expansion of lattice parameters, above a certain temperature the
Westlake’s criterion is fulfilled [21] and therefore the system with-
out any restrictions prefers the structure with higher symmetry.
It is worth noticing that for HoMn2D4.5 the structural trans-
formation (rhombohedral → cubic) was observed just above RT
[22].

3.2. The magnetic results
samples and the hysteresis loops for the single-phase hydrides

Fig. 5. Observed (symbols), calculated (solid line), and difference (observed-
calculated; bottom solid line) X-ray diffraction profiles at 70 K for the HoMn2H2.5

hydride. Upper tick marks indicate the position of the Bragg reflections for the
rhombohedral phase, and lower tick marks—for the cubic phase.
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Fig. 6. The temperature evolution of the diffraction lines for HoMn2H4.3. Below 365 K: the ı phase, above 385 K: the ˛ phase. Between 365 K and 385 K: the (˛ + ı) phases
(see text for more details).
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ig. 7. Weighted magnetic moment of the HoMn2Hx hydrides versus temperature
n the external field of 200 Oe, for various hydrogen concentrations.
easured at T = 4.2 K and 77 K are shown in Figs. 8 and 9,
espectively. The magnetic parameters of the samples with
= 0, 1.0, 1.65, 2.0, 2.5 as determined for the paramagnetic
hase are given in Table 2. For higher concentrations, x = 3.0

able 2
agnetic parameters and characteristic temperatures of the current HoMn2Hx powder sa

x [H/f.u.] �eff [�B/f.u.] �C,N [K] TN,C [K] Мsat

0.0 10.7 ± 0.1 19.7 ± 0.2 23 ± 1 8.
1.0 10.0 ± 0.3 15 ± 10 196 ± 5

1.65 9 ± 2 13 ± 20 198 ± 8
2.0 9.0 ± 0.3 −5 ± 3 265 ± 10 6.
2.5 9 ± 2 30 ± 8 278 ± 8
3.0 − − 306 ± 10 5.
3.5 − − 312 ± 10 5.
4.3 − − ∼(370–375) (expected) 2.

a �eff , �C,N , TN,C – parameters obtained in the paramagnetic state (H = 200 Oe); �eff = (3kBC
nomalies; TS – temperatures of structural (or volume) transitions obtained by X-ray analys
f hydrogen ordering.
Fig. 8. Magnetization curves vs. external magnetic field for the HoMn2Hx hydrides
at 4.2 K. Insert: Curves for x = 1.65, 3.0 are 3.5 are shifted for clarity.
and 3.5, due to the limit of the experimental range it was
only possible to estimate TN,C. Table 2 contains magnetic
moments (Msat) calculated for the single-phase hydrides and the
temperatures of additional magnetic anomalies.

mples.a

[�B/f.u.] TM [K] TS ± 10 [K] TSH ± 2 [K]

7 ± 0.1 24.3 ± 0.5 − 20
− 25 ± 1, 112 ± 1, 188 ± 3 205, 295, 370 200, 215, 230
− 23 ± 1, 189 ± 3 160, 230 200, 215, 240

8 ± 0.2 25 ± 3 295 215, 251, 262
− 24 ± 2, 29 ± 1, 115 ± 3 305 264, 271

6 ± 0.1 30 ± 1, 266 ± 1, 285 ± 1 295, 313 274, 290
3 ± 0.4 130 ± 3, 294 ± 2 321 290, 304, 330
7 ± 0.1 − 365, 385 352, 374

mol/N0 (�B)2)1/2; Msat – estimated at 4.2 K; TM – temperatures of additional magnetic
is; TSH – temperatures of peaks of specific heat, underlined – expected temperatures
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and x = 3.5 are observed. For both of them either ferrimagnetic
or considerably canted antiferromagnetic structures are expected.
Such a behavior of magnetization (Fig. 7) motivated us to perform
the AC susceptibility measurements. The temperature dependence
of the real part of the AC susceptibility �′for HoMn2H3.0 is depicted
Fig. 9. (a and b) Magnetic moment versus external ma

.2.1. M(H) at 4.2 and 77 K
Looking at the M(H) curves at 4.2 K (Fig. 8), it is apparent that

o one reaches full saturation even at 56 kOe. Msat ∼ 8.7 �B/f.u.,
btained for pure HoMn2, is maximal among all the studied sam-
les and is in good agreement with the values reported in [23,24].

n contrast, the smallest value of Msat is revealed by the sample with
he maximal hydrogen concentration (Msat = 2.7 �B/f.u. for x = 4.3)
nd the single-phase samples with intermediate x values (Table 2).
he effective moment of (10.7 ± 0.1) �B/f.u. of the HoMn2 com-
ound deduced from the Curie constant can be compared with the

ndividual effective moments of a free Ho3+ ion (10 �B) and Mn
ons (typically 2.7–4.0 �B). As mentioned above the interatomic dis-

ance dMn–Mn = 2.66 ´̊A detected at RT for pure HoMn2 is close to the

ritical distance dc = 2.7 ´̊A and at T = 4 K it reaches an even smaller
alue of dMn–Mn = 2.64 Å. For this distance in RMn2 it is expected
hat only 25% of the Mn atoms carry a magnetic moment [25,26]. If
e assume a spin-canted structure of HoMn2 argued in [26], then

he value of the magnetic moment obtained seems plausible.
The curves of the magnetization versus external magnetic field

±10 kOe) measured at T = 77 K for the hydrides with x = 2.0, 3.0,
.5 and 4.3 (Fig. 9) show that the smallest values of magnetization
(H) reveals again the hydride with a maximal hydrogen content.

lat hysteresis loops for x = 2.0 and 4.3 are very similar to those
f (Tb, Gd)Mn2Hx with the same hydrogen concentration, which
uggests antiferromagnetic ordering in them.

Much more complicated forms of hysteresis loops are observed
or x = 3.0 and 3.5 (Fig. 9a and b). Wide hysteresis loops indicate a
arge magneto-crystalline anisotropy in these samples.

.2.2. M(T) for concentrations x ≤ 2.0
The temperature dependence of M/H curve for x = 1.0 proves

he two-phase decomposition of that hydride. Besides the mag-
etic anomaly at TN = 196 ± 5 K, which corresponds to a magnetic
rdering in the hydrogen rich phase ˛r, the second very clear max-
mum at T ≈ 20 K appears and is related to TC of the pure HoMn2
ompound. The precise estimation of the magnetic transition tem-
erature gave T = 24 K, which is consistent with the previous report
27].

For the hydride with x = 1.65 also a magnetic transition was
bserved. The corresponding transition temperature TN = 198 ± 8 K
alls close to that found for x = 1.0, which again indicates that the
ransition involves the ordering of the hydrogen rich phase ˛r.
owever, in contrast to the x = 1.0 hydride, the magnetic suscep-

ibility curve slopes monotonically in the wide temperature range
own to ∼170 K.
For x = 2.0 the estimated magnetic ordering temperature is
265 K, which is in agreement with a general tendency for

ncreased hydrogen content to raise TN,C and quite well matches the
emaining magnetic data given in Table 2. For this concentration
he Curie–Weiss theta is negative implying an antiferromagnetic
field (hysteresis loops) for HoMn2Hx obtained at 77 K.

(AF) coupling between the Ho and Mn sublattices. Similarly, for the
TbMn2D2 deuteride having also the host C15 structure in the whole
temperature range an AF ordering was found [28].

3.2.3. Concentrations x ≥ 2.5
The magnetization vs. temperature curves detected with FC and

ZFC modes for the two-phase hydride with x = 2.5 are shown in
Fig. 10. While the ZFC magnetization has a typical form in the whole
temperature range, the FC signal attains zero at Tcomp ∼ 43 K, the
feature not observed in other RMn2Hx hydrides. At the compensa-
tion temperature the magnetization of the Ho sublattice (MHo) is
equal and pointed in opposite direction to that of the Mn sublat-
tice (MMn). Below this temperature MHo exceeds MMn and above it
MHo < MMn. The contribution MHo decreases rapidly with increas-
ing temperature, because the coupling between the Ho and Mn
sublattice is weak. This effect is similar to that reported for the
R3Fe5O12 garnets which are ferrimagnets [29]. The small bulges on
both the curves (Fig. 10) at about 24 K may be related to the simi-
lar anomaly detected for the pure HoMn2 compound involving the
reorientation effect of the constituent sublattices. Magnetic order-
ing temperature for the HoMn2H2.5 hydride obtained from the FC
magnetization curve was estimated as TN = (278 ± 8) K and agrees
well with the tendency to increase TN,C with increasing hydrogen
concentration.

In contradiction to the rather low magnetization of the x = 2.5
hydride huge jumps of magnetizations for the hydrides with x = 3.0
Fig. 10. Temperature dependence of the FC and ZFC weighted magnetic moment
for the HoMn2H2.5 hydride in the field of 198 Oe. Tcomp – compensation temperature
(see text).
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ig. 11. Temperature dependence of zero-field �′ and �′′ susceptibilities for
oMn2H3.0 with HAC = 1 Oe and f = 125 Hz.

n Fig. 11. Below room temperature, two anomalies at 266 K
nd 285 K are observed which could be associated with struc-
ural transitions: rhombohedral → (cubic + rhombohedral) → cubic
t slightly higher temperatures. TN amounts to (306 ± 10) K and
312 ± 10) K for the x = 3.0 and x = 3.5 hydride, respectively.

For the hydride with the maximal concentration of x = 4.3 a flat
agnetization curve M(T) is observed up to RT suggesting purely

ntiferromagnetic character of the coupling between the Ho and
n sublattices. On the basis of the XRD measurements one can

xpect the magnetic ordering temperature above∼370 K, below the
tructural transition to the cubic phase (∼385 K). The antiferromag-
etic character of ordering is in agreement with that revealed for
oMn2D4.5 by neutron diffraction [22]. However, transition tem-
erature TN of the deuteride is almost 100 K lower than that of
he hydride and amounts to 280 K. Such a huge difference is very
urprising and cannot be explained solely by the replacement of
euterium for hydrogen in these systems.

.3. Comparison of XRD and magnetic results with specific heat
SH) measurements

The results and discussion of the SH measurements of the
oMn2Hx are reported in [30]. It is interesting to compare them
ith the results presented above.

Almost all the SH anomalies observed for the HoMn2Hx have a
eculiar double-peak (or even triple-peak) structure. Only for the
oMn2 sample the phase transition was revealed by a single SH

eak at TN = 20 K, which corresponds very well to the left maxi-
um observed in the temperature dependence of the AC magnetic

usceptibility measured along the crystal growth direction [0 0 1̄]
23].
Fig. 12. The proposed phase diagrams for the HoMn2Hx hydrides: (a) structural; (b)
magnetic.

The hydrogenation implies a large additional contribution to
the specific heat in the whole temperature range of 50–350 K.
The increase of hydrogen concentration causes a large increase
of the magnetic ordering temperature (e.g. RMn2H1.0, TN ∼ 200 K),
which was confirmed above by the magnetic and X-ray measure-
ments. For example, the broad maxima of Cmol(T) for the x = 1.0
and 1.65 hydrides between ∼170 and 250 K [30] are located in
the same temperature range where both the structural (mono-
clinic → rhombohedral → cubic) and magnetic transformations are
observed (Figs. 3–7, Table 2). In this temperature interval, there
is an additional peak at ∼215 K which is also observed for the
single-phase x = 2.0 hydride. In our opinion, it is connected with
hydrogen ordering. The more H atoms in a system the more energy
(heat) should be invested to order them. That is why the SH values
rise with increasing hydrogen concentration. The temperatures at
which hydrogen ordering is expected are underlined (Ts column in
Table 2 [30]). Also for higher hydrogen concentration, the trans-
formations and characteristic temperatures (especially magnetic
ones) are reflected in Cmol(T) curves and their maxima. On the basis
of the results of the SH measurements for the HoMn2H4.3 sample
we can expect magnetic ordering at ∼(370–375) K as well.

4. Conclusions

Both structural and magnetic properties of HoMn2Hx are
strongly dependent on hydrogen concentration. On the basis of
the X-ray measurements presented above we propose a structural

phase diagram shown in Fig. 12a. It can be divided into three sep-
arate areas: (1) below x ∼ 2.0; (2) above x ∼ 2.2, where structural
transformations are revealed, and (3) the area where only the single
˛ phase is observed.
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In area (1) for x < ∼1.6, the spinodal decomposition into the
ydrogen deficient ˛0 (x ∼ 0.04) and hydrogen rich εr (x ∼ 1.6)
hases is observed at the lowest temperatures. The ˛0 phase corre-
ponds to the cubic phase of the host material, however, the ˛r one
s the monoclinic structure which transforms to the rhombohedral
hase (εr) above ∼200 K. At higher temperatures, depending on
he hydrogen concentration, the ˛0 and εr phases coexist (x < ∼0.5)
o the highest temperatures or, for ∼0.5 < x < ∼1.6, transform to the
ingle ı phase to finally reach the original ˛ phase. In this area there
re no intermediate phases which were typical for (Gd, Tb)Mn2Hx

ydrides [9,16]. No spinodal decomposition was detected for the
ydride with x = 1.65. What was observed is only the transfor-
ations ε → ı → ˛ between single phases at ∼230 K and ∼250 K,

espectively. For higher hydrogen concentration, just below x ∼ 2.0,
multiphase state is expected (dashed area).

In area (2), for ∼2.2 < x < ∼2.8, the spinodal decomposition was
lso observed. Two phases, ˛ and ı, exist from the lowest temper-
ture up to RT without any trace of the monoclinic phase. Such
behavior is known to be typical for hexagonal (Er, Sm)Mn2Hx

ydrides [17,18]. For x > ∼2.8, starting from the lowest tempera-
ures up to ∼300–365 K, the single phase ı is observed, followed
y the transformation to the cubic ˛ phase above ∼300–400 K
ither directly (for∼2.8 < x < ∼3.5) or via an intermediate two-phase
˛ + ı) area (for x > ∼3.5). Almost an identical transformation to the
ubic phase above 400 K was reported for the cubic GdMn2H4.3
ydride [9].

The expansion rates are small and comparable with those
bserved for the YMn2Hx hydrides, which indicates substantial
amping of spin fluctuations.

The structural transformations are reflected in the magnetic
hase diagram (Fig. 12b). For x = 1.0 the temperatures of structural
ransformations TS exceed the magnetic ordering temperature TN,C.
he first structural transformation εr → ır is close to the magnetic
ransition detected at ∼196 K. For x = 1.65 no correlation between
he magnetic and structural transformations is apparent. By con-
rast, in the range ∼2.0 < x < ∼3.5 involving the ˛ and/or ı phases,
he samples order magnetically at TN ranging from ∼265 K up to
312 K. For x > ∼3.5 a further increase of the magnetic ordering
emperature is expected with ∼375 K predicted for the maximal
ydrogen concentration. The steady increase of the magnetic order-

ng temperature with increasing hydrogen concentration was also
bserved for (Gd, Y, Tb)Mn2Hx [9,13,16]. Such a correlation indi-
ates that the magnetic transitions are predominantly determined

[

[

ompounds 509 (2011) 1347–1354

by the magnetic interactions within the Mn sublattice. Increase of
the Mn–Mn distance, much above the critical distance dc, leads to a
better localization of the Mn magnetic moments and as a result to a
substantial increase of the ordering temperatures of the hydrides.
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26] C. Ritter, R. Cywiński, S.H. Kilcoyne, S. Mondal, J. Phys. Condens. Matter 4 (1992)

1559.
27] Y. Makihara, Y. Andoh, Y. Hashimoto, H. Fujii, M. Hasuo, T. Okamoto, J. Phys.

Soc. Jpn. 52 (1983) 629.
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