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Abstract. We study the impact of hydrogen impurity on the magnetic phase transition temperatures of the 
high purity rare-earth metals Gd, Tb and Dy. Prior to hydrogenation, the rare earths were purified by the 
vacuum distillation method. Hydrogenation was carried out using a Sievert-type apparatus. Magnetic phase 
diagrams were constructed based on the thermomagnetic analysis. 

1 Introduction  
Characterization of physicochemical properties of the 
rare earth (R) metals should be performed on purified [1] 
samples due to their high chemical activity and strong 
affinity for gas-forming impurities. Literature survey 
revealed a large number of works dedicated to the 
description of the R’s properties [2-6]. However, 
electrical and magnetic properties studies were 
performed on single- and polycrystalline samples of 
various degrees of purity [7]. This unfortunately disables 
a direct comparison of the results obtained by different 
authors. It also makes it difficult to reveal intrinsic 
physical processes occurring in the metals. It is therefore 
important to use high-purity metals for the studies. 
Controlled doping (by e.g. gas-forming impurities) of the 
previously purified metal allows us to determine the 
influence of a particular impurity on the properties of a 
material under study. In this paper, a systematic study of 
the hydrogenation effect on magnetic properties of a 
distilled gadolinium, terbium and dysprosium is carried 
out. (The interest to Gd is due to its high magnetocaloric 
properties near room temperature that allow its use as a 
working body in magnetic refrigerators [8-10].) R’s 
interaction with hydrogen is rather extensively studied. 
Phase diagrams of R-H for heavy rare-earth metals and 
yttrium have common features (see Fig. 1a) [11]. Special 
attention in this paper is devoted to the study of the 
impact of hydrogenation on the phase transitions 
temperatures for small hydrogen concentrations (x ≤
1.2). 

2 Materials synthesis and experimental 
details 
Rare-earth metals Gd, Tb and Dy were purified by 
vacuum distillation [1]. High purity rare earths are 
characterized by a reduced content of gas-forming 
impurities (10-2 -10-3 wt. %). The metals purity with 

respect to the content of ~70 impurity elements are
99.92-99.96 wt. %. The amount of absorbed hydrogen 
was determined by measuring the pressure change in the 
reactor chamber after completing the reaction. The 
accuracy of the hydrogen concentration determination is 
0.02 hydrogen atoms per formula unit (at.H/f.u.). The 
samples for hydrogenation and further studies were cut 
out of the central portions of the distillate [12]. 
Appearance of a rare-earth distillate is shown in Fig. 1b. 

 
Fig. 1. Typical phase diagram of a hydrogenated rare 
earth (a) [11]. Appearance of a rare-earth distillate (b).  

 Purified metals were hydrogenated using a Sievert-
type apparatus with hydrogen (impurities content < 10-3

– 10-4 vol. %) pressures up to 0.1 MPa. The samples of 
GdНх (х = 0, 0.02, 0.05, 0.09, 0.12, 0.13, 0.16, 0.2), 
DyНх (х = 0, 0.1, 0.2, 0.5, 0.7, 0.9, 1.2) and TbНх (х = 0, 
0.1, 0.2, 0.3, 0.5, 0.7, 0.9, 1.2) were obtained and 
investigated. Magnetic properties of the samples were 
studied over wide temperature range using a vibrating 
sample magnetometer equipped with a step motor [13]. 
Thermomagnetic analysis was carried out in a magnetic 
field of 0.02 T in the temperature range 4.2-300 K. The 
relative accuracy of data acquisition did not exceed 
0.5%. The Curie temperatures of the parent and hydrided 
Gd were also determined by means of the Arrott-Belov 
plot method based on the thermodynamic theory [14].  
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3 Results and discussion 
The R-H phase diagrams (Fig. 1a) are characterized by a 
region of existing solid-solutions in the R phase (α-RHx) 
having the structure of the parent R, as well as by the 
presence of β-RH2 and γ-RH3 phases with a variable 
composition. The β-RH2 dihydride phase has a fcc CaF2-
type lattice and the γ-RH3 trihydride phase crystallizes 
into a hexagonal HoH3-type structure [11,15].   

All the parent and hydrogenated samples of Gd, Tb 
and Dy were investigated by the X-ray diffraction 
analysis from the surface. The X-ray analysis indicated 
that a distilled Gd, and all obtained α-GdHx solid-
solutions are single-phase and have an hcp structure 
(space group Р63/mcc) [12,14]. A similar crystalline 
structure is also present in the distilled Tb and Dy. The 
obtained structural characteristics are in good agreement 
with the literature [16]. It was found that all of the TbHx
and DyHx samples contain two phases. In addition to the 
main α-RНх solid-solution phase, a cubic β-RH2 phase 
was found. The amount of the second phase increases 
linearly with the increasing of absorbed hydrogen 
content. For example, for the sample DyН1.2, the amount 
of β-DyН2 is 66 %. The Néel temperatures TN and 
magnetic moments µ of the RH2 dihydrides are listed in 
Table 1. 

Table 1. Magnetic characteristics of the RH2 dihydrides 
[19]. 

R TN, K µ, µВ
Gd 21 6.5 
Tb 17 7.4 
Dy 3.5 6.4 

No data on the possible maximum hydrogen 
concentration in terbium and dysprosium solid solutions 
at room temperature is available in literature. 

Experimental values of phase transition temperatures 
can vary depending on the method used for the 
determination [7]. The use of magnetic field typically 
leads to higher values of magnetic phase transition 
temperatures. The application of magnetic fields 
exceeding critical values for the particular compounds 
can also lead to the magnetic order change. In this work, 
the experiments were unified, i.e. we performed our 
measurements under the same conditions and the 
samples for the study had the same shape, thus enabling 
[17] precise determination of the changes in the 
magnetic state upon hydrogen absorption.  

Previously the Curie temperatures of Gd were 
determined from the Arrott-Belov plots as 291 K [14]. 
The magnetic phase transition temperatures of the parent 
distilled Gd, Tb and Dy, and the same samples after 
hydrogenation were determined by using a 
thermomagnetic analysis (μ0H = 0.02 T).  The critical 
temperatures were found from the peak of derivative of 
magnetization dM(T)/dT. Two pronounced extrema were 
observed on the dM(T)/dT curve in the distilled Gd. The 
one at ТС = 292 K is associated with the transition from 
the ferromagnetic (FM) to the paramagnetic (PM) state 
in the distilled Gd and the other one at ТSR=223 K - with 

a spin-reorientation transition (SRT). According to Ref. 
18, during the SRT the magnetic moments of Gd aligned 
along the c-axis at higher temperatures begin to deviate 
from the c-axis. The angle reaches 70º at 170 K, and then 
it decreases to ~30º at lower temperatures. It was found 
that α-GdHx solid solutions below the Curie temperature 
retain the ferromagnetic properties. Figure 2a shows the 
temperature dependencies of magnetization for α-GdH0.1. 
In the solid solution α-GdH0.1 hydrogenation is found to 
increase the transition temperatures to ТС = 294 K and 
ТSR = 234 K (see inset into Fig. 2a). Note that 
introduction of 0.1 H/Gd increases the ТС by 2 K while 
the TSR is increased by as much as ~ 10 K. 
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Fig. 2. The temperature dependencies of magnetization 
for α-GdH0.1 (a), TbH1.2 (b), DyH1.2 (c). Insets show the 
temperature dependencies of the derivative dM/dT for 
the mentioned samples.   

In contrast to ferromagnetic Gd, Tb and Dy are 
antiferromagnetic (AFM) below the TN and have a 
second transition from the AFM to the FM state at a 
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temperature θ. In Dy, however, the AFM region exists in 
a much wider (~90 K) temperature range than that in Tb 
(~10 K). The presence of the β-TbH2 and β-DyH2
antiferromagnetic phase does not have a significant 
effect on the M(T) dependence behavior because of their 
low ordering temperatures (see Table 1). As an example, 
Fig. 2 shows the magnetization curves of TbН1.2 (2b) and 
DyH1.2 (2c). As can be seen from the M(T) curves, the 
sharp decrease in the magnetization occurs at the 
temperature θ thus implying a change of the magnetic 
state. At higher temperatures, a maximum observed on 
the M(T) curves corresponds to the Néel temperature of 
the samples. Hydrogen addition in Tb and Dy up to the 
concentration of x = 1.2 H/R does not influence the M(T)  
behavior. Also two magnetic phase transitions are 
preserved while the temperatures TN and θ decrease. 
Interestingly, similar magnetic behavior with two 
magnetic phase transitions was also demonstrated by 
rare-earth-Fe alloys e.g. R2Fe17 (R = Ce [20] and Lu 
[21]). The temperatures of magnetic phase transitions 
and the magnetic structures are extremely sensitive to the 
interstitial impurity atoms (hydrogen, in particular) 
[22,23], to substitutional atoms [24] and high pressure 
[25]. The magnetic phase diagrams of such compositions 
have been obtained and studied extensively in literature 
[26]. 
 We also constructed magnetic phase diagrams for α-
GdHx, TbHx, and DyHx. The effect of hydrogen addition 
on the TC’s of Gd is demonstrated in Fig. 3. As it is seen 
from the TC(x) dependence, the Curie temperature 
increases by about 5 K when x increases from 0 to 0.2 
Н/Gd. High pressure experiments give an opposite trend 
for TC [27] and therefore the volume effect is very 
important. The main mechanisms of the Curie 
temperature increase are discussed in Ref. 15. Figures 4 
and 5 show the concentration dependencies of the Néel 
temperature and the transition temperature from the 
AFM to the FM state (θ) on the hydrogen content (x) in 
TbHx and DyHx, respectively. Change in the phase 
transition temperatures is within 1 K in TbHx when the 
hydrogen concentration (x) varies from 0 to 1.2 Н/Tb. 
The Néel temperatures of DyHx decrease from 184 to 
182 K, and the temperature θ decreases from 94 to 89 K 
when x varies between 0 and 1.2 H/Dy. Although the 
variations in the R phase transition temperatures ranging 
between 1 and 5 degrees were also recorded previously 
[28-30], they cannot be attributed to a particular impurity 
but rather to a mixture of impurities absorbed by a metal. 
In this study, we were able to identify the real magnetic
phase transitions temperatures and their variation as a 
function of hydrogen impurity content in Gd, Tb and Dy 
by using parent high purity samples and then those with 
a controlled impurity composition. 
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4 Conclusions 
The effect of hydrogenation on the magnetic phase 
transition temperatures for the three rare earths Gd, Tb, 
Dy having the highest magnetic ordering temperatures 
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among Rs is studied. Gadolinium has a Curie 
temperature TC = 292 K. Tb and Dy have complex 
magnetic structures and display two magnetic phase 
transitions (FM-AFM and AFM-PM). It is found that 
hydrogen introduced into the Gd crystal lattice increases 
the Curie temperature in the range of existence of solid 
solutions. On the contrary Tb and Dy retain the values of 
magnetic phase transition temperatures or even have it 
slightly decreased under the influence of hydrogen. This 
is due to the presence of the second dihydride phase. As 
a main achievement, the refined magnetic characteristics 
of Gd, Tb and Dy after hydrogen treatment are obtained. 
It is important for the materials working in a hydrogen-
containing environment [31]. 
 This work was supported by the Russian Foundation 
for Basic Research, project no. 16-03-00612-a. 
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