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A B S T R A C T   

As is known, rare-earth metals (REMs) are promising magnetocaloric materials. The magnitude of the magne
tocaloric effect (MCE) of REMs significantly depends on their purity. This paper presents results of studies of the 
magnetic and magnetocaloric properties of sublimed dysprosium, prepared in the course of the present study, 
with an emphasis on its impurity and structure perfection. The comprehensive analysis of the chemical 
composition of sublimed dysprosium, which was performed for the first time by atom probe tomography, showed 
that the metal corresponds to high-purity rare-earth metals (3 N+). The MCE effect was studied using direct 
measurements of the adiabatic temperature change (ΔTad) in pulsed (up to 50 T) and steady (up to 14 T) 
magnetic fields. The studies of the MCE of polycrystalline sublimed Dy by direct method showed that the high 
ΔTad value for sublimed Dy are comparable with those obtained for single-crystal Dy in magnetic fields up to 5 T. 
The vacuum sublimation, which is more economical and technologically advanced in contrast to single crystal 
growing, can be used to create magnetocaloric REM-based materials with high MCE values.   

1. Introduction 

Magnetocaloric effect (MCE) is the magnetic material temperature 
change in an external magnetic field. As the physical quantity, the MCE 
can be evaluated via the isothermal magnetic entropy change, ΔSmag, 
under isothermal conditions and the adiabatic temperature change, 
ΔTad, under adiabatic conditions, which take place with changing an 
applied magnetic field. Traditional ferromagnetic and antiferromagnetic 
materials exhibit the maximum magnetocaloric effect near the Curie, TC, 
and Néel, TN, temperatures, which correspond to the most fast-changing 
magnetization as a function of temperature. 

Approaches to a fundamentally new technology of solid-state mag
netic cooling (SMC) at room and cryogenic temperatures can be devel
oped based on MCE [1–5]. Thus, magnetic materials exhibiting high 
MCE value are of the great interest for researchers nowadays. 

Heavy rare-earth metals (REMs), being the unending source for 
researching magnetic phenomena and magnetic field-induced effects 

which could be used in practice, are one of the promising magneto
caloric materials for the magnetic cooling technology. This is due to the 
high magnetic moment of REMs and the fact that their magnetic phase 
transformation temperatures cover the range from cryogenic to room 
temperatures. In recent years, the understanding of REM physical 
properties in the vicinity of magnetic and structural transformation 
temperatures has advanced significantly [3–5]. The most important 
factor to have high MCE values in RE metals is their purity [6–8]. 

Dysprosium exhibits various types of magnetic ordering. Its tem
perature- and field-induced transformations of the magnetic order and 
manifestation of MCE were actively studied for several decades using Dy 
samples differing in purity, structural state, and structure perfection [7, 
9,10]. Dysprosium exhibits both heating and cooling upon adiabatic 
magnetization depending on its magnetic state (ferromagnetic, para
magnetic, or antiferromagnetic) and a change in state is reflected by its 
magnetocaloric behavior. In numerous studies, the magnetocaloric ef
fect has been correlated with temperature, pressure, magnetization, and 
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magnetic field intensity [6,11–17]. 
In zero magnetic field, Dy is paramagnetic above its Néel tempera

ture (TN) equal to 179 K [16]; below the Néel temperature, the helical 
antiferromagnetic phase with a basal-plane spiral structure exists. As 
was shown in earlier studies [18–20], this transformation is accompa
nied by orthorhombic distortions of the hexagonal close-packed struc
ture of the metal. As temperature decreases, the helical 
antiferromagnetic (AFM) phase remains stable down to the Curie tem
perature 89 K [16]. Below the Curie temperature, the metal is ferro
magnetically ordered to 4.2 K. In the ferromagnetic (FM) phase, the easy 
magnetization direction coincides with the a axis. The transformation 
occurred at the Curie temperature in zero magnetic field is of the 
first-order [15], while the one at the Néel temperature is of the 
first-order or second-order transformation [14]. In the later study, a 
number of arguments in favor of the second-order transition in Dy at the 
Néel temperature are reported and discussed. 

The field-induced magnetic phase transformations in the tempera
ture range of magnetic state of Dy, namely, the field - temperature 
magnetic phase diagrams were designed in Refs. [8,10,14,15,21,22], 
which allow us to trace the evolution of the diagrams with changing 
purity of the metal and its structure perfection. 

In [21], a magnetic phase diagram of Dy is presented. The temper
ature range between TC and TN is of special interest, because here 
magnetic phase transitions can be induced by an applied magnetic field, 
and phase transitions from the helical AFM to the ferromagnetic and to 
the fan state, respectively from the fan to the ferromagnetic state take 
place. The intermediate fan magnetic structure appears between the 
AFM and FM phases in a certain range of nonzero magnetic fields be
tween ~127 and ~179 K. No indication for the field dependence of the 
transition temperature TN was obtained. The purity of Dy sample is not 
specified. 

In [14], the magnetic phase diagram of Dy was improved (based on 
magnetocaloric data) and two new magnetic phases were identified 
using high-purity Dy single crystal. The reached adiabatic temperature 
change did not exceed 1.5 K at 93 K and 2.5 K at 121 K in fields of to 10 
kOe. The same values of the adiabatic temperature change are reported 
in Ref. [8], in which the H-T phase diagram of Dy was revised to reflect 
the presence of two unknown magnetic phases existing between ~105 
and ~127 K in the magnetic fields ~3 to 6 kOe and between ~179 and 
~182 K in magnetic fields 8–12 kOe. 

In [8], the magnetocaloric effect, magnetization, ac magnetic sus
ceptibility, and heat capacity of high-purity single crystals of dyspro
sium have been investigated over wide temperature and magnetic field 
ranges with the magnetic field applied in parallel to either the a or c axes 
of the crystal. Notable differences in the behavior of the physical 
properties when compared to Dy samples studied in the past have been 
observed between 110 and 125 K, and between 178 and ~210 K. The 
reduction of MCE of relatively impure Dy samples near the Néel tem
perature was explained by the formation of antiferromagnetic clusters in 
these samples. Dysprosium is a classic example of a system where 
magnetic and crystallographic sublattices can be either coupled or 
decoupled from one another. The effect of commensurability of the 
crystal and magnetic sublattices on the magnetic phase diagram was 
studied experimentally and theoretically. The presence of newly found 
anomalies in the physical properties has been considered as evidence of 
previously unreported states of Dy. The refined magnetic phase diagram 
of dysprosium with the magnetic field vector parallel to the a axis of a 
crystal has been constructed and discussed. 

We failed to find information about the magnetocaloric effect of Dy 
measured in high pulsed magnetic fields. According to theoretical pre
dictions in Ref. [23] the value of MCE in fields of ~1 T is lower than 1 K, 
whereas, in higher and ultrahigh pulsed magnetic fields of ~10–103 T 
using pulses of 10− 4-10− 5 s in duration, the MCE can reach ~102 K. 

As is known, it is an extremely difficult and complex problem to 
prepare ultra-high purity rare earth metals, and even trace impurities at 
ppm or sub-ppm level, in particular the interstitial impurities, can 

substantially affect the physical and chemical properties of REMs [24] 
and the temperatures of magnetic phase transitions and their 
completeness. 

Many studies were performed to understand the formation of im
purity composition of distilled and sublimed rare-earth metals in the 
course of purification processes. In Ref. [25], distribution rules of im
purity contents in distilled metallic dysprosium were studied, and a 
theoretical analysis was carried out for Al and Fe impurities. The 
physical process of the distillation was shown to be coincident sub
stantially with that of the solidification. The diffusion of impurity in 
liquid metal could reach a quasi-equilibrium state; at the latter stage of 
distillation process, the diffusion rate of impurity in liquid metal is 
decreased, and the impurity content in distilled metal was higher. It is 
possible to assume that the diffusion of impurities in the metal deposited 
in solid is not high and a REM metal prepared by solid-state sublimation 
and subsequent deposition in solid can be characterized by the higher 
purity. 

The behavior gaseous impurities, in particular, oxygen in the course 
of sublimation-distillation process of REMs is of special interest since 
oxygen is major gaseous impurity because the starting materials are 
REM oxides that were subjected to fluoridation. In Refs. [26,27], to 
decrease the impurity content in Tb and Gd, a two-step approach was 
employed; the approach consists in combining the traditional vacuum 
distillation method with an active metal (Ca) external suction method. 
The behavior of a number of metallic impurities formed complex oxides 
was demonstrated and their location in the distilled metal was revealed. 
The behavior of oxygen and nitrogen during distillation by an example 
of Tb was studied in Ref. [28]. It was shown that the oxygen concen
tration in distillate presents exponentially increasing tendency. At the 
same time, the behavior of impurity fluorine in the course of distillation 
were not studied. 

With a focus on the purity of Dy, which was prepared by two-fold 
vacuum sublimation, we undertook a detailed study of the MCE of the 
material. To find common trends in the behavior of MCE, it was 
measured in high steady and pulsed magnetic fields. We used Dy, the 
structure and impurity homogeneity of which was characterized at both 
micro- and nano-scale levels. 

2. Experimental 

In the present study, as the base physical-chemical preparation 
method of pure Dy, we use vacuum sublimation [29]. Based on pre
liminary analysis of the behavior and distribution of impurities, in the 
course of vacuum sublimation of Dy, we elaborated optimum conditions 
for the preparation of high-purity Dy. According to preliminary calcu
lated data [29], the sublimation process of Dy is efficient for removing 
both metallic and interstitial impurities since the main impurities pre
sent in Dy, according to their vapor pressures, are removed either at the 
beginning stage of the sublimation process or remain in the crucible and 
evaporate at the final stage. 

The main impurities in commercial Dy (DyM-1) are Fe, Al, Cu, Si, Cl, 
accompanying REMs (0.1 wt %), and Ca, F, Ta, La (that are 
manufacturing impurities). Interstitial (gas-forming impurities (O, N, H, 
C)) in REMs and, in particular, in Dy can be inherited from minerals 
(ores), enter in the manufacturing process, and result from the high 
chemical reactivity of REMs. 

The vacuum sublimation process is fulfilled at the Baikov Institute of 
Metallurgy and Materials Science, Russian Academy of Sciences using a 
resistance furnace equipped with a tantalum crucible (evaporator) 
containing commercial Dy and water-cooled cone-shaped copper 
condenser to collect the sublimed Dy. In the course of sublimation, a 
dynamic vacuum was maintained; the residual gas pressure was about 
1.5 10− 4 Pa. The sublimation (evaporation from solid) and condensation 
temperatures correspond to deposition of metal in solid. The two-fold 
sublimation process was performed. 

The impurity composition of Dy druse consisting of closely growing 
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crystals was determined by mass-spectrometry using a X Series 7 
(Thermo Fisher Scientific, U.S.A.) quadrupole inductively-coupled 
plasma spectrometer. The contents of impurity oxygen and nitrogen 
were determined using a ТС-436 analyzer (LECO, U.S.A.). 

The structure of sublimed Dy sample and its impurity-element 
composition were studied by scanning electron microscopy (SEM) 
using a COXEM-EM30 (Daejeon, Korea) scanning electron microscope 
equipped with an Energy-dispersive X-ray spectroscopy analyzer (EDS, 
Oxford instruments, Oxford, UK). 

Atomic force microscopy of the Dy section was performed in a semi- 
contact mode using a Multimode Nanoscope III (Veeco) atomic-force 
microscope. 

3D distribution of the atomic species in dysprosium crystallites was 
studied by atom probe tomography performed at the National Research 
Center Kurchatov Institute using an APPLE-3D microscope [30]. 
Tomographic atom probe microscopy complements other existing 
techniques of material microstructure and elemental analysis and pro
vides more information about the features detected at the sub-nanoscale 
range. The sensitivity of the method makes it possible to register im
purities with a content of 10–50 atoms per million. Samples for the atom 
probe tomography were prepared on an FEI Quanta 3D dual-beam sys
tem using focused ion beam (FIB) lift-out techniques [31]. 

The texture of high-purity Dy druse was studied and the crystallo
graphic orientations of crystallites comprising it were determined. For 
the texture studies, the druse was cut along the deposition direction 
(axial direction). The texture was determined based on four incomplete 
direct pole figures {00.4}, {10.2}, {10.3}, and {11.0} that were taken 
under reflection mode conditions using a DRON-7 diffractometer (St. 
Petersburg, Russia) and CoKα radiation. The tilting α and azimuthal β 
angles ranged from 0 to 70◦ and 0 to 360◦ at a step of 5◦ were used [32, 
33], respectively. The orientation distribution function (ODF) was 
calculated using measured pole figures. The volume fractions of orien
tations Wi were improved using TeXXor software [34–36]. 

We carried out magnetization measurements in a Physical Property 
Measurement System with VSM option (PPMS, Quantum Design). 

To study the MCE by direct method in steady magnetic fields, an 
experimental device was used, which allowed one to perform the direct 
MCE measurements in magnetic fields of up to 14 T in a temperature 
range of 4.2–350 K using the extraction method and a Bitter-type 
magnet generated the steady magnetic field. Both the temperature of 
the sample and the temperature change (due to the MCE) were measured 
using a differential thermocouple [37]. 

The MCE effect of sublimed Dy was also measured by direct method 
in pulsed magnetic fields of up to 50 T using micro thermocouples. The 
measurements were performed in the Dresden high-magnetic field lab
oratory (HLD-EMFL), Helmholtz-Zentrum Dresden-Rosendorf. The fast 
field sweep (to 1500 T/s) during a pulse allows one to keep the adiabatic 
conditions while measuring the temperature change of a sample in the 
course of its magnetization [38]. In this case, to obtain the adiabatic 
conditions, the fast magnetization of sample is realized at the expense of 
fast magnetic-field switching on. 

3. Results and discussion 

3.1. Impurity composition, microstructure, and texture of sublimed Dy 

The impurity composition of sublimed Dy is given in Table 1. 
The contents of the other impurity elements, in particular, iron is 

below the detection limit (0.1 ppm). Without taking into account the 
gas-forming element contents, the content of the matrix element (Dy) is 
no less than 99.96 wt %. Thus, according to the analysis data, the purity 
of the sublimed Dy is 3 N; this metal corresponds to the high-purity 
grade of rare-earth metals. 

The microstructure of sublimed Dy is represented by coarse extended 
crystallites. The ratio of crystallite sides is ~1.4, and the length of 
crystallites is in a range of 200–700 μm (see Fig. 1a and b). Dark in
clusions are observed mainly at crystallite boundaries. The local 
chemical analysis showed that the inclusions can be either dysprosium 
fluoride or dysprosium oxides (Fig. 1b, c, d Tables 2 and 3). The fluoride 
and oxide inclusions are ~10 μm is size (Fig. 1d). The chemical etching 
allowed us to reveal fine grains within the crystallites, which are 
200–800 nm in size (see Fig. 2a and b). It should be noted that the 
etching occurs mainly along certain directions; this fact indicate that a 
crystallite is a packet comprising fine grains characterized by a low 
misorientation angle (Fig. 3a and b). Results of atomic-force microscopic 
studies confirm the presence of impurities segregated at grain bound
aries of coarse crystallites (Fig. 4a). Oriented structures (Fig. 4b) are 
observed, which are similar to those observed in Fig. 3a and b. Because 
of the high reactivity of the metal, an oxide film in the form of islands 
forms. This fact substantially makes difficult the visualization of nano- 
sized grains within a crystallite. An Atomic force microscopy image 
given in Fig. 4c shows the structure characterized by fine grains. 

The presence of oxide incusions in distilled Tb and Gd was demon
strated in Refs. [26,27]. In this study, inclusions of impurity element 
oxides were detected. In our study, Dy oxide and fluoride inclusions 
were found. This fact allows us to infer a conclusion about the behavior 
of impurity fluorine in the course of distillation and sublimation of 
REMs. It is likely that fluorine is present in the distillate and is difficult to 
be extracted from REMs by vacuum distillation. 

According to the textural analysis data, no primary orientation of 
crystallites comprising the druse is observed. Fig. 5 shows sections of 
ODF for Eulerian angle φ2 for the axial plane of sample. The base ori
entations of crystallites and their volume fractions are given in Fig. 5 and 
Table 4. 

As is seen, the disperse multicomponent texture is formed. In this 
case, the fraction of texture-less component is sufficiently high and equal 
to 0.67. This means that 67 % crystallites are randomly oriented with 
respect to the external coordinate system. Fig. 6 shows direct pole fig
ures (00.4) and (11.0) constructed from ODFs. 

Pole figures show that the total orientation direction of crystallites 
makes an angle of ~30◦ (anticlockwise) with the axial direction of 
sample. 

To perform atom probe tomographic studies of sublimed Dy, indi
vidual crystallites were separated from the druse. 

For atom probe analysis, specimens were lifted out from different 
places of the druse, corresponding to the beginning and end stages of the 
sublimation process. Typical signals on mass spectrum obtained are 
shown in Fig. 7. During the evaporation of the material, Dy+ ions with 
charge states of +1, +2, +3 and several impurities, such as C, P, Fe were 
detected. In addition, signals corresponding to the molecular ions DyO+, 
and Dy(OH)2

+, DyF3
2+ were registered. Also small amount of Ho + atoms 

was registered. Signal from 69Ga results from the specimen preparation 
and was excluded from the final chemical composition evaluation. 
Estimated chemical composition of the specimens is represented in 
Table 5. Molecular ions were separated and counted as individual atoms. 
Atomic maps of the samples are shown in Fig. 8. Also in Fig. 8, the high 

Table 1 
Content of base impurities in Dy subjected to two-fold sublimation.  

Impurity content, ppm wt 

Cu Y La Ce Pr Nd Sm Gd Pb O N 

18.6 13.3 5.1 1.3 0.89 25.6 0.64 6.0 7.5 245 5.3  
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contrast of dysprosium atoms is due to its grain microstructure, since 
more intensive evaporation of atoms occurs at the crystallite boundaries. 
A non-uniform distribution of fluorine and holmium atoms was found. 
We assume that fluorine atoms partially remaining in the material ma
trix form nanosized clusters. Fig. 9 shows isosurface plotted around F- 
enriched nanograin. This cluster is enriched in F and Ho atoms by 3.9 
and 0.8 at.% correspondingly. Its diameter is approximately 9 nm. 

The data obtained allow us to detect the presence of impurities in the 
form of layers in the sublimed metal, which are enriched in a certain 
impurity at the nanoscale. This fact is likely to reflect the evaporation 
process in accordance with the vapor pressure of the elements. The Dy 
content in the samples prepared in the form of 100-nm needles was 
determined to be 99.4 and 97.83 at %. Correlations in the arrangement 
of layers are observed. To explain the results obtained for impurity 
composition and impurity distribution in the sublimed metal, additional 
studies should be performed. Nevertheless, the atom probe tomography 
has demonstrated to be useful for the characterization of the impurity 
composition of REMs. The impurity composition of sublimed Dy and the 
inhomogeneous distribution of impurities allow us to state the specific 
impurity composition of sublimed Dy and to define it as the high-purity 
metal. 

Fig. 1. (a) SEM image of the microstructure of sublimed Dy. (b) SEM image of sublimed Dy. Points of local electron microprobe analysis (energy dispersive 
spectroscopy) are shown. Chemical composition of marked areas is represented in Table 2. (c) Spectrum corresponding to an area 2 shown in Fig. 1b. (d) Black areas 
correspond to dysprosium oxide inclusions (for chemical composition see Table 3). 

Table 2 
Chemical composition (at %) of local areas at the Dy surface.  

Spectruma Dy F Si O 

1 36.7 61.3 1.9  
2 35.6 64.4   
3 38.0 62.0   
4 91.3    
5 75.5 24.5   
6 42.9 55.2 2.0  
7 100.0    
8 40.6 59.4  8.7 
9 43.7 56.3   
10 100.0     

a Spectra numbers are given in Fig. 1b. 

Table 3 
Chemical composition (at %) of inclusions (Fig. 1d) observed at the Dy sample 
surface.  

Spectrum Dy F Si O 

1 42.1 – 11.6 46.3 
2 40.9 – 14.2 44.9  
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3.2. Magnetic and magnetocaloric properties of sublimed fine-grained Dy 
in high magnetic fields 

Fig. 10 shows temperature dependences of the magnetization of 
sublimed Dy measured under zero-field cooling and field cooling (ZFC 
and FC, respectively) conditions. As is seen, upon heating (ZFC), the 
abrupt decrease in the magnetization take place near the Curie tem
perature, which corresponds to FM-AFM transition. The further heating 
leads to the maximum related to the Néel temperature corresponding to 
the AFM-PM phase transition. The determined magnetic phase transition 
temperatures agree well with those available in the literature [8]. 

Fig. 11 shows the field dependences of the magnetization. The de
pendences measured at 150-178 K exhibit anomalies (inflections) 
related to the field-induced AFM-fan-FM transition [8,10]. Neutron 
diffraction studies [39,40] indicated that, in the temperature range be
tween 87 and 179 K, the helix AFM ordering occurs. In the initial part of 
the magnetization curve, the magnetic field leads to a slight distortion of 
the spiral AFM structure, which forces the magnetic moments to revolve 
by a small angle to the field direction; in this case, the magnetization 
value slightly depends on the field [39]. At a critical value of the field, 
which, according to the phase diagram [8], depends on temperature, the 
transition from the distorted AFM structure to the fan AFM structure 
takes place. In the course of subsequent increase in the magnetic field, 
all magnetic moments become arranged in parallel to the field (see 
Fig. 11). 

As was noted above, Dy exhibits high MCE [6,8–10,17,41]. Methods 
for the study and estimation of the MCE can be divided into direct and 
indirect [7,41]. In the present study, the isothermal entropy change 
(ΔSiso) is calculated from magnetization data (indirect method) and the 

adiabatic temperature change was measured directly. The isothermal 
entropy change as a function of both temperature and magnetic field 
change was determined from magnetization isotherms (Fig. 11) using 
the thermodynamic Maxwell relation: 

ΔSiso =

∫H

0

(
∂M(Т,Н)

∂T

)

H
dH, (1)  

where M(T, H) is magnetization M as a function of magnetic field H and 
absolute temperature T [1,2]. 

As is seen from the temperature dependences of the isothermal en
tropy change (Fig. 12), a maximum is observed near the Néel temper
ature for all values of magnetic fields. The maximum value observed is 
32 J/(kgK) at 180 K for a field change of 14 T. 

A distinctive feature of the temperature dependences of the 
isothermal entropy change is the existence of inverse MCE in moderate 
fields up to 2 T in the range of AFM ordering (see phase diagram [8]). 
The existence of the inverse MCE in moderate magnetic fields can be also 
observed in the temperature dependences of ΔTad (Fig. 13). As the field 
increases to 5 T, the effect of inverse MCE on the total MCE almost 
disappears. The further increase in the magnetic field leads to the fact 
that the total MCE mainly is determined by direct MCE of the forced 
magnetization. 

The maximum adiabatic temperature change, ΔTad = 21 K, is 
observed at 179 K for a steady magnetic field of 14 T. This value agrees 
well with that, 22.6 K, obtained in measuring the MCE in the pulsed 
magnetic fields (Fig. 13, open symbols). A slight difference (1.6 K) is due 
to the difference in the degree of approaching to the adiabatic conditions 

Fig. 2. (a, b)SEM image of the microstructure of sublimed Dy taken with 
different magnifications; fine grains are observed. 

Fig. 3. (a, b) SEM image (taken with different magnifications) of the etched 
surface of sublimed fine-grained Dy; etching along crystallographic directions 
takes place. 
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Fig. 4. Atomic force microscopy image of sublimed Dy: (a) impurity segrega
tions at crystallite grain boundaries and (b, c) fine grains comprising crystal
lites. Images below Fig. (a) and (c) show the surface profile measured along the 
dotted line in the main image. 

Fig. 5. ODF for the axial plane of sublimed Dy. Maximum and minimum values 
of ODF and their levels are shown. 
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in measuring the temperature upon magnetization of sample. In the case 
of steady measurement, the maximum field is reached in 1 s. In the case 
of pulsed field, this time is 13 ms. Therefore, when measuring in steady 
magnetic fields, the relatively small part of ΔTad can be lost as a result of 
heat exchange between the sample and environment. According to our 
estimations, these losses are 7 % of the maximum value of ΔTad. 

In turn, the maximum value of ΔTad observed in a pulsed magnetic 
field of 50 T is 51 K (Fig. 14). The value of ΔTad in this field becomes 
comparable with that of Gd (ΔTad = 52 K in a field of 50 T [42]). Earlier 
[11], the ultimate value of ΔTad in ultrahigh magnetic fields (above 
~600 T) was predicted for a number of REMs. For Dy and Gd, the ul
timate value of ΔTad at the magnetic phase transformation temperature 
according to the mean-field model (TN for Dy and TC for Gd) is 231 K and 
235 K, respectively [11]. According to such modelling predictions, the 
maximum in the temperature dependence of ΔTad in the magnetic phase 
transition region disappears in a field of more than 200 T [11,12]. 

The similar behavior can be observed in the experimental 
temperature-dependence ΔTad measured in a field of 50 T presented in 
Fig. 14, where the shape of the curve becomes asymmetrical and the 
maximum becomes less pronounced. 

Data given in Table 6 compare the maximum values of adiabatic 
temperature change (ΔTad) of Dy near its Néel temperature, which were 
obtained in Refs. [6,8,9,41] and in the present study. It is obvious that 
the maximum values of ΔTad are observed for single crystals along the 
easy magnetization direction (in this case, the easy magnetization axis 
coincides in the a crystallographic axis [43,44]. It is known that Dy is 
characterized by high magnetic anisotropy energy [43]. The anisotropy 
of magnetocaloric effect was studied in Ref. [6]. Studies of the MCE of 
Dy single crystal in Ref. [6] were fulfilled by direct method in magnetic 
fields of to 6 T along different crystallographic directions, i.e., ΔTad was 
measured over the wide temperature range in magnetic fields of 1, 2, 3, 
4, 5, and 6 T along the a and b axes lying in the basal plane. The 
maximum ΔTad values were observed near the Néel temperature, which 
are 6 and 5.2 K along the a and b axes in a field of 5 T, respectively. Thus, 
it was shown that the difference between ΔTad measured along the a and 
b axis near the Néel temperature can reach 0.8 K in a field of 5 T. The 
higher ΔTad values a Dy single crystal were obtained in Ref. [41] by 
calculations using the heat capacity data measured in a magnetic field 
(indirect method). In this case, ΔTad was 9 K in a field of 5 T applied 
along the a axis. 

The samples investigated in the present study are polycrystalline 
fine-grained; they consist mainly of coarse crystallites oriented 
randomly. In this case, the MCE is determined as the sum of magneto
caloric effects of individual grains (in our сase, crystallites) differing the 
orientation relative to the magnetic field direction. Because of this, the 
MCE of polycrystalline sample should be lower than that of single 
crystals. As is seen from Table 6, the values of ΔTad measured for sub
limed Dy in steady magnetic fields agree well with those obtained pre
viously for polycrystalline samples [9,41]. In turn, the values of ΔTad 
measured in this work for polycrystalline sublimed Dy, despite the 
misorientation of individual grains, are comparable with those observed 
for the single crystals along their a axis in magnetic fields up to 5 T. This 
indicates the fact that the values of MCE of Dy are mainly determined by 
its purity since the values observed for single-crystal and polycrystalline 
samples are comparable. Earlier, this fact was demonstrated for Gd [7]. 

The used vacuum sublimation is more cost-effective procedure as 
compared to the single-crystal growth process, has technological ad
vantages, and can be used for creation of REM-based magnetocaloric 
materials with high values of magnetocaloric parameters. 

4. Conclusions 

Studies of the MCE in high steady and high pulsed magnetic fields 
were performed using sublimed high-purity Dy; the polycrystalline 
structure is formed by coarse crystallites consisting of fine grains. For the 
first time, the impurity composition of sublimed Dy was characterized in 

Table 4 
Base orientations and their volume fractions for the axial plane of Dy sample.  

(hkil)<uvtw> Eulerian angle Volume fraction 

φ1 Φ φ2 

(38.-11.4)<-8632> 165 79 45 0.07 
(-12-13)<-3-252> 146 45 0 0.05 
(-24-23)<-9-1.10.2> 168 64 0 0.04 
(-2.11.-95)<-5057> 130 74 20 0.04 
(14.-5.21)<5–832> 45 22 40 0.03 
(07–74)<-2-110> 174 73 30 0.03 
(-12-13)<2.-11.9.11> 105 45 0 0.02 
(-12-12)<15.-2.13.3> 13 57 0 0.02 
(-12-15)<2–533> 97 32 0 0.01 
(-7.14.-72)<-6-17.10> 122 85 0 0.01 
(01–10)<-4223> 143 90 30 0.01 
Texture-less component 0.67  

Fig. 6. Direct pole figures (00.4) and (11.0) for the axial plane of sublimed Dy.  

Fig. 7. Mass spectrum acquired by atom probe tomography.  
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Table 5 
Chemical composition (at %) of the studied samples determined by atom probe tomography.  

Sample no. Fe C P O Dy Ho F Y Number of atoms, x106 

1 0.019 0.0041 0.004 0.66 99.03 0.035 0.26 0.007 1.27 
2 0.031 0.0078 0.016 1.81 97.05 0.036 0.12 0.011 1.70  

Fig. 8. Atom maps of the dysprosium specimen.  

Fig. 9. Isosurface of F-enriched cluster in purple surrounded by Dy atoms (are 
shown with brown). 

Fig. 10. Temperature dependences of the magnetization of sublimed Dy mea
sure under ZFC and FC conditions in a field of 200 Oe. 

Fig. 11. Magnetization isotherms of sublimed Dy measured at different 
temperatures. 

Fig. 12. Temperature dependences of the isothermal entropy change of sub
limed Dy (there is 1 T between curves) determined by Eq. (1) using magneti
zation data in (Fig. 11). 
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detail by atom probe tomography used along with the traditional ana
lytic techniques. The peculiarities of impurity distribution are shown to 
be related to the behavior of impurities in the course of sublimation, 
which is in accordance with the vapor pressure of evaporated elements. 

The sublimed metal is characterized by presence of nano-sized grains 
that form crystallites. The texture of crystallites is represented by 
dominant (67 %) texture-less component. 

The MCE of sublimed Dy was studied using direct measurements of 
the adiabatic temperature change ΔTad in pulsed (up to 50 T) and steady 
(up to 14 T) magnetic fields. The maximum value of ΔTad is observed in 
the region of the Néel temperature (179 K) and is 22 K in a steady field of 
14 T and 51 K in a pulsed magnetic field of 50 T. In a pulsed field of 50 T, 
the values of ΔTad of Dy and Gd becomes comparable. The observed 
experimental fact was theoretically substantiated in Ref. [11] – the ul
timate value of ΔTad at the magnetic phase transformation temperature 
according to the mean-field model (TN for Dy and TC for Gd) is 231 K and 
235 K, respectively [11]. The values of ΔTad obtained for high-purity 
sublimed Dy are comparable with those obtained for single-crystal Dy 
in magnetic fields up to 5 T. The realization of high MCE values in 
sublimed Dy, which are comparable with those for Dy single-crystals and 
technological advantages of sublimation and distillation manufacturing 
processes of Dy as well make the sublimed Dy a promising magneto
caloric material for the magnetic refrigeration technology. 
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