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Abstract—The magnetic properties of intermetallic compounds GdNi0.98Si0.02 and DyNi0.95Si0.05 and
hydrides based on them have been studied. It is found that a partial substitution of Si atoms for Ni atoms does
not cause significant changes in the magnetic characteristics such as the Curie temperature. At the same time,
incorporation of hydrogen into the crystal lattice of the GdNi0.98Si0.02 and DyNi0.95Si0.05 compounds leads to
significant decrease in the Curie temperature, attenuation of exchange interactions due to significant increase
in the unit cell volume (more than 20%), and an increase in the distances between magnetoactive ions. The
magnetism of the initial and also hydrogenated compositions are mainly determined by the contribution from
the subsystem of the rare-earth ions.
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1. INTRODUCTION

Recently the magnetic properties of compounds of
rare-earth metals (REM) with silicon [1, 2] and also
more complex compounds, namely, REM (R)–3d
metal (Fe, Co, Ni)–silicon have been extensively
studied using the most advanced methods including
the measurements in high (to 60–100 T) magnetic
fields at low temperatures [3–12].

REM–Si compounds crystallize in the structural
types FeB and CrB [13, 14]. It is important that the
same structural type also takes place in compounds of
REMs with nickel (RNi) that actively interact with
hydrogen with the formation of hydride phases con-
taining 3–4 atoms per formula unit of an intermetallic
compound. It is known [15–17] that the hydrogena-
tion can lead to significant changes in the magnetic
properties of the initial intermetallic compounds. In
RNi compounds simultaneous doping with silicon
and subsequent incorporation of hydrogen in their
crystal lattices can change the Curie temperature, the
saturation magnetization, and the magnetic anisot-
ropy.

In this work, we studied the magnetic properties of
two intermetallic compounds, namely, GdNi0.98Si0.02
and DyNi0.95Si0.05 ad also hydrides based on them. The
properties of the initial GdNi and DyNi compounds
and their hydrides were studied before [18–20]. The
processes of interaction of RNi with hydrogen were
already studied in detail [21].

2. EXPERIMENTAL
The samples of the intermetallic GdNi0.98Si0.02 and

DyNi0.95Si0.05 compounds were prepared by melting of
the charge from pure components in an electric-arc
furnace in an inert atmosphere and, then, they were
annealed for 240 h at a temperature of 600°C in vac-
uum. The hydrides were synthesized by the volumetric
technique at a Sievers-type setup with the operation
range of hydrogen pressure to 100 bars. The X-ray
phase analysis was carried out on a diffractometer with
a Guinier chamber (Cuα-radiation). The magnetiza-
tion curves were measured using the standard equip-
ment (PPMS-9) in magnetic field to 5 T. The samples
were taken as a finely dispersed powder.

3. RESULTS AND DISCUSSION
The analysis of the X-ray diffraction data (Table 1)

showed that the melted samples of the intermetallic
compounds and the synthesized GdNi0.98Si0.02H3.0
and DyNi0.95Si0.05H4.0 hydrides were single-phase. The
lattice parameters of the samples of the GdNi0.98Si0.02
and DyNi0.95Si0.05 intermetallic compounds were close
to the available data [14].

It can be noted that the incorporation of even small
amount of silicon to the compositions of the GdNi
and DyNi intermetallic interactions changes their
structural properties and the properties of the hydride
based on them. For example, in the case of formation
of the hydride with DyNi0.95Si0.05, the structural FeB
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Table 1. X-ray diffraction data for the GdNi0.98Si0.02 and DyNi0.95Si0.05 intermetallic compounds and hydrides based on
them

Compound Type of structure a, Å b, Å c, Å ΔV/V%

GdNi0.98Si0.02 CrB 3.784(3) 10.33(2) 4.284(3) −

GdNi0.98Si0.02Н3.0 CrB 3.793(2) 10.87(2) 4.980(2) 21.0
DyNi0.95Si0.05 FeB 7.065(3) 4.187(2) 5.454(3) −

DyNi0.95Si0.05Н4.0 FeB 7.670(2) 4.360(2) 5.990(2) 23.0
type is retained and is not changed to CrB type, as is
the case with the DyNi intermetallide that does not
contain silicon.

The magnetic characteristics of the prepared sam-
ples were measured by the following scheme: the tem-
perature dependences of the magnetization were mea-
sured in a weak magnetic field of 0.05 T and in high
magnetic fields of 2 and 4 T over wide temperature
range including the magnetic ordering region and also
the temperature range in which the samples were in
PHY

Fig. 1. Temperature dependences of the magnetization of inter
(a) μ0H = 0.05 and (b) 2 and 4 T. Temperature dependences of
(c) 2 and (d) 4 T.
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the paramagnetic (disordered) state. Then, we built
the temperature dependences of the reciprocal suscep-
tibility (from the measurements of M(T) in fields of
2 and 4 T) to have a possibility (in the case as the Curie–
Weiss law is fulfilled) to calculate the effective magnetic
moments and the paramagnetic Curie temperature. Fig-
ures 1–4 show the experimental curves M(T) and 1/χ(T)
for compositions GdNi0.98Si0.02, GdNi0.98Si0.02H3.0,
DyNi0.95Si0.05, and DyNi0.95Si0.05H4.0, respectively.
Table 2 lists the data on the main magnetic character-
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metallic GdNi0.98Si0.02 compound measured in magnetic fields
 the reciprocal susceptibility measured in magnetic fields μ0H =

GdNi0.98Si0.02

GdNi0.98Si0.02

T, K

T, K

M
, �

B
/f

. u
. �0H = 2 T

�0H = 4 T

�eff = 8.23
�D = 71.86

�0H = 4 T

50

50

100

100

150

150

200

200

250

250

300

300

0

0

1

2

3

0.5

4

1.0

5

1.5

6

2.0

7

2.5

1/
�,

 1
06  m

ol
/m

3

Fit
1/�

(b)

(d)



MAGNETIC PROPERTIES OF HYDRIDES 2519

Fig. 2. Temperature dependences of the magnetization of intermetallic GdNi0.98Si0.02H3 compound measured in magnetic fields
μ0H = (a) 0.05 and (b) 2 and 4 T. Temperature dependences of the reciprocal susceptibility measured in magnetic fields μ0H =
(c) 2 and (d) 4 T.
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istics of the compounds under study. For comparison,
Table 2 also gives the results of the studies of interme-
tallic compounds GdNi and DyNi.
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Table 2. Magnetic characteristics of the intermetallic compou

*TC is the Curie temperature, Θp is the paramagnetic Curie temperat

atom, μeff are the effective magnetic moments of the compounds per
effective magnetic moments of REM ions R3+.

Compound
TC, K

(μ0H = 0.05 T)
Θp, K

(μ0H = 4 T)

GdNi 75 75
GdNi0.98Si0.02 75 72
GdNi0.98Si0.02Н3.0 12 15
DyNi 59 49
DyNi0.95Si0.05 62 60
DyNi0.95Si0.05H4.0 10 2.3
An analysis of the tabulated data gives important
information on the combined influence of the substi-
tutional atoms and the interstitial atoms. First, we dis-
8

nds and their hydrides

ure, μS are saturation magnetic moments of the compounds per REM

 REM atom, μeff (R3+) is the theoretical value [ (J + 1)]1/2 of the

μS, μB
(μ0H = 4 T)
T = 4.2 K

μeff, μB
(μ0H = 4 T)

μeff, μB

R3+

6.9 8.3 7.94
6.2 8.23 7.94
5.1 7.9 7.94
5.4 10.4 10.63
7.3 10.43 10.63
5.65 10.43 10.63

2
Jg J
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Fig. 3. Temperature dependences of the magnetization of intermetallic DyNi0.95Si0.05 compound measured in magnetic fields (a)
μ0H = 0.05 and (b) 2 and 4 T. Temperature dependences of the reciprocal susceptibility measured in magnetic fields μ0H =
(c) 2 and (d) 4 T.

�0.05

0

0.05

0.10

0.15

0.20

0.25

0 50 50

50

100 100

100

150 150

150

200 200

200

ZFC
FC

50 100 150 200

0

2

4

8

0.2

1.0

0

0.4

0.6

0.8

0.2

1.0

0

0.4

0.6

0.8

6

DyNi0.95Si0.05 DyNi0.95Si0.05 

DyNi0.95Si0.05 DyNi0.95Si0.05 

T, K T, K

T, K T, K

(a) (b)

(c) (d)

M
, �

B
/f

. u
.

M
, �

B
/f

. u
.

1/
�,

 1
06  m

ol
/m

3

1/
�,

 1
06  m

ol
/m

3

�0H = 0.05 T

�0H = 2 T

�0H = 4 T

�eff = 10.43
�D = 59.97

�0H = 2 T

�eff = 10.08
�D = 50.49

�0H = 4 T

Fit
1/�

Fit
1/�
cuss the data for the initial intermetallic compounds,
namely, GdNi0.98Si0.02 and DyNi0.95Si0.05 and their
basis GdNi and DyNi compositions. To determine the
Curie temperatures, we used the thermomagnetic
analysis. Temperature TC was determined as the tem-
perature of the sharpest decrease in the magnetization
(μ0H = 0.05 T, Figs. 1a–4a) during the transition from
the ferromagnetic to paramagnetic state, i.e., the tem-
perature, where dM/dT is maximum. We failed to
observe any change in the Curie temperature in the
compounds with gadolinium GdNi0.98Si0.02 as com-
pared to that of the GdNi compound; a possible cause
is low silicon content in the compound. At the same
time, it is found that TC increased by three degrees in
the compound with dysprosium DyNi0.95Si0.05 as com-
pared to that of DyNi. Dependence M(T) was mea-
sured both in the ZFC regime (cooling in a zero mag-
netic field) and in the FC regime (cooling in a mag-
netic field). Both samples GdNi0.98Si0.02 and
DyNi0.95Si0.05 demonstrate a noticeable temperature
hysteresis. Moreover, the low-temperature behaviors
PHY
of the M(H) curves for the compound with dyspro-
sium are strongly different at ZFC and FC due to the
motion of domain boundaries [22] and as a result of
the presence of the high-anisotropic Dy3+ ion in the
composition.

Another important characteristic of intermetallic
compounds are the saturation magnetic moments of
the compounds per REM atom (μS) at temperatures
near the absolute zero. In our case, we indicate
(Table 2) these values for the GdNi0.98Si0.02 and
DyNi0.95Si0.05 compositions at T = 4.2 K in the exter-
nal magnetic field μ0H = 4 T. Here, it should be noted
that these values do not coincide to the values
obtained in field μ0H = 2 T (Figs. 1b and 3b), which
demonstrates a paraprocess at low temperatures. From
Table 2, it is seen that the partial substitution of Si
atoms for Ni atoms in the GdNi intermetallic com-
pound leads to insignificant decrease in the saturation
magnetic moment (6.9μB in GdNi and 6.2μB in
GdNi0.98Si0.02), as a result of changing the electronic
structure of GdNi. In the compounds with gadolin-
SICS OF THE SOLID STATE  Vol. 60  No. 12  2018
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Fig. 4. Temperature dependences of the magnetization of intermetallic DyNi0.95Si0.05H4 compound measured in magnetic fields
(a) μ0H = 0.05 and (b) 2 and 4 T. Temperature dependences of the reciprocal susceptibility measured in magnetic fields μ0H =
(c) 0.05 and (d) 4 T.
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ium, the situation is not so unambiguous as in those
with dysprosium, and the saturation magnetic
moments of the compounds per the REM atom are
5.4μB in DyNi and 7.3μB in DyNi0.95Si0.05. This seems
likely to be due to the fact that the compared data were
obtained in different conditions, while the determined
value is very sensitive to the value of the applied mag-
netic field and temperature. In any case, it should be
noted that the saturation magnetic moments μtextS of
the DyNi and DyNi0.95Si0.05 compounds (Table 2) are
markedly lower than the theoretical value μ0(R3+) =
gJJ of the magnetic moment of Dy (10.0μB). This phe-
nomenon is related to partial “freezing” of the dyspro-
sium orbital moment by the crystal field of the sur-
rounding atoms.

The behavior of the paramagnetic Curie tempera-
ture conserves the tendencies noted above, namely, it
slightly decreases for the GdNi and GdNi0.98Si0.02
compounds (75 K and 72 K, respectively). A large dif-
ference (due to the causes indicated above), namely,
PHYSICS OF THE SOLID STATE  Vol. 60  No. 12  201
49 K and 60 K, was observed for DyNi and
DyNi0.95Si0.05, respectively. However, it is important to
note that the effective magnetic moments (μeff) of the
compounds per an REM atom for all the compounds
considered above (GdNi0.98Si0.02 and DyNi0.95Si0.05 and
their basis GdNi and DyNi compositions) almost coin-
cide each other (Table 2) and are close to the available
data. This result shows that nickel atoms do not have a
marked magnetic moment, and, thus, the magnetic
properties of GdNi and DyNi and their substituted
GdNi0.98Si0.02 and DyNi0.95Si0.05 compositions are
mainly due to the contribution of the magnetic
moments of trivalent rare-earth ions. The calculated
values of μeff, the effective magnetic moments of the
compounds with gadolinium (GdNi and GdNi0.98Si0.02)
per the REM atom (Table 2) is higher than the theo-
retical value μeff = 7.94μB and are 8.3μB and 8.23μB,
respectively. This phenomenon is characteristic not
only for the gadolinium compounds, but also for pure
gadolinium and also its solid solutions with hydrogen
8
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[22], and related to the conduction electron polariza-
tion. As is seen, the introduction of silicon (semicon-
ductor) slightly decreases the value of this additional
contribution to magnetic moment μeff, which confirms
the nature of the observed phenomenon.

The incorporation of quite large amount of hydro-
gen into the crystal lattices of the GdNi0.98Si0.02 and
DyNi0.95Si0.05 compounds (3 and 4 at H/f.u., respec-
tively) leads to a sharp (seven-fold) decrease in the
Curie temperatures (Table 2). It is known that the
Curie temperatures of compounds of REM with 3d
transition metals contain three contributions from
3d–3d, 4f–3d, and 4f–4f exchange interactions. These
contributions are extremely sensitive to substantial and
interstitial atoms, and also to action of a hydrostatic
pressure [23–25].

We can state, as the main result, that the crystal lat-
tice expansion by more than 20% and the increase in
the distances between magnetically active ions led to n
attenuation of exchange interactions as inside the
REM and nickel sublattices so, it is likely, between the
sublattices.

Based on the Curie–Weiss law, we determined the
paramagnetic Curie temperatures and the effective
magnetic moments per one molecule for the
GdNi0.98Si0.02H3.0 and DyNi0.95Si0.05H4.0 hydrides. For
GdNi0.98Si0.02H3.0, μeff = 7.9μB per REM atom and
Θp = 15 K. At the same time, for DyNi0.95Si0.05H4.0,
μeff = 10.43μB per REM atom and Θp = 2.3 K. It is
seen that the paramagnetic temperature decreases
sharply that also demonstrates the attenuation of the
exchange interactions. Similar behavior was also
observed for the GdNiH3.2 and DyNiH3.4 hydrides
synthesized and studied before [18].

4. CONCLUSIONS
The influence of hydrogen on the magnetic prop-

erties of the GdNi0.98Si0.02 and DyNi0.95Si0.05 interme-
tallic compounds is mainly in an attenuation of the
exchange interactions due to an increase in the inter-
atomic distances and, as a result, significant decrease
in the transition temperature from the magnetically
ordered to magnetically disordered state. In the
GdNi0.98Si0.02H3.0 and DyNi0.95Si0.05H4.0 hydrides,
these transition temperatures have close values (12 K
and 10 K, respectively), i.e., they demonstrate a weak
dependence on the composition and the hydrogen
content. The paramagnetic Curie temperatures that
immediately characterize the value of the exchange
interactions also show the decrease; however, their
values are different and equal to 15 K and 2.3 K for
GdNi0.98Si0.02H3.0 and DyNi0.95Si0.05H4.0, respectively.

The calculated values of the magnetic moments for
the initial compounds are not changed after the hydro-
genation and are close to the magnetic moments of the
free REM ions. The nickel atoms have only insignifi-
PHY
cant magnetic moment in all the compounds. Actu-
ally, the electron shell of nickel atoms (3d8) is nearly
occupied. The appearance of additional electrons
given by hydrogen atoms leads to its complete occupa-
tion. As a result, the magnetic moment of the nickel
subsystem is close to zero, the exchange interactions
are weakened significantly, and the gadolinium and
dysprosium subsystems make the main contributions
to the magnetism.
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