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The interaction of the components in the Y-Dy—Ge ternary system was investigated using the methods of X-
ray phase analysis, microstructure and energy dispersive X-ray spectroscopy in the whole concentration range at
temperature of 870 K. The existence of continuous solid solutions of substitution with the AIB2 (Y1xDyxGeus),
Y3Ges (Y3xDyxGes), CrB (Y1xDyxGe), Ho11Ge1o (Y11-xDyxGeio), SmsGes (YsxDyxGes) and MnsSis (Ys«DyxGes)

structure types was found.

Limited solid solutions of the substitution type, based on the binary compounds YGeug2 (0.20 at. part Dy),
YGez (~ 0,10 at. part Dy), DyGe,o (0.07 at. part Y) and DyGeu,ss (0.05 at. part YY) were observed.

The electrical and magnetic properties of the YsDysoGegs (DyGeuss structure type) and (Y Geugsz structure
type) alloys were studied. The phase Y30DysGess is Curie-Weiss paramagnet in the investigated temperature range.
On the thermogram of the Y10Dy20Gegs alloy during cooling, we observe an intense peak at temperature of 1207.4 K
(at maximum), the thermal effect of which reflects the formation of the Dy1xYxGeu.ss phase.
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Introduction

The basis of many new materials are intermetallic
compounds, which are formed during the chemical
interaction of metals with each other, as well as with semi-
metallic elements. Therefore, when studying the
interaction of components in the corresponding systems, it
is possible to obtain important information about the
conditions of formation, temperature and concentration
stability, microstructure, and crystal structure of the
ternary phases, as a basis for the search for new materials.
Phase diagrams for Ce—{Sc, Y, La, Gd, Lu}-Ge, Sc—{Nd,
Y, Dy}-Ge [1], Sm-Dy-Ge [2] abd Tm—{Gd, Er}-Ge [3,
4] were constructed. Cross-sections for: DyGe,—RGe: (R
= Sm, Y, Gd, Tb, Ho, Er, Tm, Lu) [5], RGe>-LuGe;
(R =Sm, Pr, Nd, Gd, Dy) and SmGe>-RGe; (R = Gd, Th,
Ho, Er, Tm) [6-10] were studied.

The purpose of this work is an experimental study of
the interaction of components in the Y-Dy-Geternary
system and the construction of a phase equilibrium
diagram at 870 K and study of the physical properties.
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I. Experimental

To construct a phase diagram of the Y-Dy-Ge
system, the alloys were synthesized by the arc-melting of
a charge of metals (the content of the basic component is
not less than 99.7 wt.%) in an argon atmosphere (sponge
titanium was used as a getter). For better homogenization,
the samples were remelted twice. Homogenizing
annealing of the alloys was carried out in vacuumed quartz
ampoules at a temperature of 870 K for 720 hours with
subsequent quenching in cold water.

The phase composition of the synthesized samples
was determined based on the analysis of experimental
powder diffraction patterns (DRON-4.0 diffractometer, Fe
Ka radiation) by comparing them with theoretical
diffraction patterns of pure components, binary
compounds, and known ternary antimonides (PowderCell
program [11]). Structural calculations were performed
using WinCSD [12] program packages. The method of
energy dispersive X-ray spectroscopy (EDRS) (raster
microscope-microanalyzer REMMA 102-02, equipped
with an X-ray analyzer with energy dispersive
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spectroscopy) was used to control the chemical
composition of the synthesized samples and determine the
exact content of components in the phases. At least five
measurements were performed for each phase in the
sample.

Measurements of the temperature dependences of the
electrical resistivity p(7) and the thermopower coefficient
S(T) were carried out by the two-probe method in the
range of 80-380 K on samples in the form of rectangular
parallelepipeds measuring ~1.0x1.0x5 mm?,
Measurements of the thermopower coefficient S(7) were
performed by the potentiometric method in relation to
copper. The dependence of the specific magnetic
susceptibility x(T) of the samples was determined by the
relative Faraday method using a thermogravimetric device
with an electronic microbalance EM-5-ZMP in a
magnetic field H = 7.1 kOe.

The temperature limits of the stability of ternary
compounds were investigated by the method of
differential thermal analysis (DTA, synchronous thermal
analyzer LINSEIS STA PT 1600). The samples were
heated in an argon atmosphere up to 900 °C (1170 K) at a
rate of 10 °C/min.

I1. Results and discussion

To study the Y-Dy-Ge ternary system, information
on phase diagrams of Y-Ge, Dy-Ge and Y-Dy binary
systems was used from Refs. [13, 14]. At the temperature
of the investigation, the formation of YsGes: (MnsSis
structure type), YsGes (SmsGes structure type), Y11Geo
(Ho11Geyo structure type), YGe (CrB structure type),
YGe1s (AlB;structure type) and YGes g2 (YGeq g2 Structure
type) compounds was confirmed in the Y-Ge system. The
compound with a—ThSi, structure type exist with the
composition YGei7 [15]. Authors [16] indicate the
composition YsGes (defective derivative of «—ThSi;
structure type). Y2Ger phase not confirmed.

Seven intermetallic phases, DysGes (MnsSis structure
type), DysGes (SmsGes structure type), DyGe (CrB
structure type), DyGei s (AIB; structure type), DysGes
(Y3Ges structure type), DyGey gs (DyGeygs Structure type),
DyGes (DyGes structure type) were found in the Dy-Ge
system. The compounds DyGes g0 (ThGe: structure type),
Dy11Geio (H011Gespo structure type) and DysGes (ErsGes
structure type), syntezied at 20 K is not observed on the

phase diagram. The existence of the DyGeig and
Dy11Geip compounds in the Dy-Ge system at a
temperature of 870 K was confirmed by us during the
study of the Sm-Dy-Ge system [2]. Under the conditions
of our study, the existense of the DysGes phase was not
confirmed, the sample of the corresponding composition
contained DyGei s and DyGe compounds in equilibrium.
No binary compounds are formed in the system Y-Dy.

The phase equilibrium diagram of the Y-Dy-Ge
system was constructed at 870 K based on the data from
the X-ray phase, microstructural analyses, and scanning
electron microscopy of the synthesized samples (Fig. 1).
The binary compound DyGeiq (ThGe; structure type)
dissolves up to ~ 0.07 at. part Y. The lattice parameters:
a = 0.40814(6), b = 2.9735(1), ¢ = 0.3979(5) nm and
V = 0.48301(1) nm?® for Y3Dys1Gegs; a = 0.40802(2),
b =2.97291(1), c = 0.39801(2) nm and V = 0.4828(1) nm?
for Y:Dy,;Gegs was calculated. The binary YGeigs,
(YGeygz structure type) and YGe2 (o—ThSi; structure type)
compounds dissolve 0.20 at. part and 0.10 at. part Dy
respectively, at 870 K. Microstructural and EDX analyses
were used to confirm the chemical and phase composition
of the Y22Dy1.Gess and Y 25DysGegssamples. Photographs
of microstructures for some samples are shown in Figure
2.The composition dependencies of the cell parameters
versus the Dy content in Y 1..Dy.Ges s> are shown in Figure
3 (a). Solubility of yttrium in binary compound DyGe1gs
—0.05 at. part.

Ge
£

Dy Y
Fig. 1. Isothermal section of the Y-Dy-Ge system at
870 K.

Fig. 2. Microphotographs of the polished surface of the samples: « — Dy12Y 2:Gegs (gray phase —(Y, Dy)Gey; dark
phase — Ge); b — DyqY 25Gess (gray phase —(Y, Dy)Gey; dark phase — Ge).
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lutions: Y3.DyxGes (Y3Ges
15 (AIB2 structure type),

Y1«DyxGe (CrB structure type), Y11xDyxGeio (Ho11Geo

structure type), YsxDyxGes (SmsGes structure type) and in Y 5.«DyxGes,
YsxDyxGes (MnsSis structure type) are formed in the
system. The cell parameters of the continuous solid respectively.
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Fig. 5. Cell parameters of the continuous solid solutions Y1..Dy,Ge (a) and Ys..Dy.Ges (b).

Y11xDyxGero, YsxDyxGes and Ys«DyxGes were refined
from X-ray powder diffraction data. The composition
dependencies of the cell parameters versus the Dy content
Y 14DyxGesss,
YsxDyxGes and Ys«DyxGes are shown in Figures 3-5,

168



Phase equilibrium diagram of the Y-Dy—-Ge system at 870 K

I11. Physical properties of the alloys

Alloys from the regions of solid solutions
Y1..Dy.Gezy and Y1..Dy.Ge1 s were chosen for the study
of physical properties. Temperature dependences of
electrical resistivity p(T) and differential thermopower
S(T) were investigated for samples Y3oDysGess and
YsDys0Gess in the temperature range 80-380 K (Fig. 6).
The gradual increase in electrical resistivity with
increasing temperature and its small values prove that
these phases are characterized by a metallic type of
conductivity in the investigated temperature range. The
linear character of the temperature dependences of p(7) in
the temperature range of 80-380 K indicates the
predominant phonon mechanism caused by the scattering
of electrons by the thermal vibrations of the atoms of the
crystal lattice. The significant increase in resistivity above
350 K is possibly caused by the enhancement of phonon
scattering. The dependences of the differential
thermopower from the temperature for Y30DysGess (a) and
YsDy30Gess (b) samples are shown in Fig. 7. A small
positive value of the differential thermopower confirms
the belonging of these samples to materials with metallic
conductivity. On the S(T) dependences, there is a
noticeable increase in the differential thermopower for
both samples with an increase in temperature. At the same
time, for the YsDys;Gegs sample, its value is higher
compared to Y3DysGess, which can be explained by the
greater contribution of dysprosium atoms to the value of
the thermopower coefficient.

Dependencies of electrical resistivity on temperature
for Y30Dy10Geso, Y20Dy20Geso and Y10Dyz0Geso Samples
are shown in Fig. 8. The samples are characterized by

£, LQ-m
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o8
o
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T,K
Fig. 6. The temperature dependence of electrical

resistivity of Y30DysGess (a) and YsDyz0Gess (b)

300 350 400

small values of electrical resistivity (Table 1), the gradual
increase of which with temperature indicates a metallic
type of conductivity. The linear nature of the temperature
dependences p(7) within T = 80-350 K confirms that the
main contribution to the electrical resistance gives phonon
electron scattering, which is enhanced above 350 K.

The results of measurements of the temperature
dependencies of the differential thermopower coefficient
for samples Y30Dy10Geeo, YzoDyzoGeso and YloDygoGeso
(Fig. 9) show small negative values, which are
characteristic of compounds with a metallic type of
conductivity. With an increase in the Dy content at higher
temperatures, there is a tendency to shift the course of the
dependencies towards positive values of the thermopower
coefficient.

The temperature dependence of the magnetic
susceptibility x(7) was investigated for the Y3DysGegs
sample (Fig. 10, a) in the magnetic field H = 7.1 kOe, it
changes hyperbolically and corresponds to the Curie-
Weiss law. From the inverse dependence of x(7)
(Fig. 10, b), the paramagnetic Curie temperature
(6,=45.35 K) was determined, and the effective magnetic
moment per rare earth metal atom
teti. = 10.83 pg was obtained, close to the theoretically
calculated for the Dy®* ion (utheor. = 10.65 ug). The analysis
of the results of the magnetic susceptibility measurements
indicate that the Y3DysGess sample is a Curie-Weiss
paramagnet, in which the Dy atoms are in the Dy3* state.
In contrast, the Y and Ge atoms are non-magnetic.

S, uV/K

0 1 1 1 1 1 1 1
100 150 200 250 300 350 400

T,.K
Fig. 7. Temperature dependencies of thermopower
of Y30DysGess (a) and YsDy30Gess (b)

Table 1.
Electrontransport characteristics of samples
p, pQ'm S, pVIK
Sample 80K | 273K [ 380K | 80K | 273K | 380K
Y 30DysGess 0.541 3.000 6.015 1.089 4.166 5.637
Y5 Dy30Gegs 0.812 2.967 5.339 1.199 4.958 6.959
Y30 Dy10Geso 0.405 1.058 2.905 0.718 1.469 2.439
Y20 Dy20Geso 0.424 0.839 1.206 1.567 1.666 1.294
Y10 Dy30Geso 0.683 1.796 3.458 1.421 0.923 0.140
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Fig. 10. Temperature dependence of the magnetic susceptibility (a) and of the inverse magnetic susceptibility (b) of
Y30DysGesssample.

For the Y15Dy20Gess sample, a study using differential 1207.4 K (at the maximum), the thermal effect of which
scanning calorimetry was performed (Fig. 11). Two peaks reflects the formation of the
were detected on the heating curve and the cooling curve. Y 1xDyxGe1 g5 phase according to the transformation:
When cooling the alloy, an intense peak is observed at

L+B-Dy1xYxGerei— Y1.DyxGergs at 1207.4 K ( ~0.65 at. part Ge).

At a lower temperature of 1147.4 K (at the maximum), a peak of lower intensity is observed, which corresponds to
the transformation:

L+ Dyl.xYxGel_gs — Dyl.xYxGe3 at 1147.4 K ( ~0.75 at. part Ge).

It should be noted that the formation temperature of electrical resistivity enlarges linearly with increasing
the Dyi4YxGeigs solid solution (1207.4 K) has an temperature. The magnitude of the electrical resistivity of
intermediate value compared to the temperatures of the investigated phases is of the same order as the values
formation of the binary phases: of the electrical resistivity of the pure components yttrium
1240 K for DyGe1gs and 1183 K for YGe1 s2. (ngg(Y) = 0.65 pQ-m) and dysprosium

Y1.Dy.Gezy and Y1..Dy.Ges s solid solutions contain (p273(Dy) = 0.90 uQ-m), which indicates their determining
a significant content of Ge as a semiconducting element role in conductivity of these solid solutions.
and a sufficiently high concentration of Y and Dy as For these two series of samples, a different effect of R
doping components, which determines the metallic type of substitution on their electrical resistivity is observed.
conductivity of the samples, as a result of which the For the Dy1.xYxGezy series of samples with increasing Y
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Fig. 11. DSC curveforthe Y15Dy20Gess sample.

Table 2.

Magnetic characteristics of compounds and sample

Compound (sample) | Structuretype Tn Uedy Ureop 0p Ref.
HoGe1 g5 DyGei s 12K - 10.61 - [18]
ErGeyss DyGey.gs 6K 10.3 9.58 8K [19]

Y30DysGess YGeyg - 10.83 10.65 | 454K | [20]

content at higher temperatures, the electrical resistivity
reaches higher values, possibly due to the greater ability
of yttrium to thermal fluctuations as a lighter element
compared to dysprosium. For a series of samples
Dyi1,Y,Ge1s, on the contrary, an increase in the Dy
content leads to higher values of electrical resistivity,
which may be associated with a greater scattering of
electrons on the magnetic atoms of Dy.

In Ref. [17], low-temperature electrical resistivity
studies were carried out for YGe, and LaGe, compounds
using the four-probe method, and transitions to the
superconducting state were established at temperatures of
3.8and 2.65 K, respectively. The temperature range of 80—
380 K used in our study did not allow us to obtain the
presence of atransition to superconductivity.

Even though the values of thermopower coefficient
for Dy (-2.2 uV/K) and Ge (+3.6 uV/K) have opposite
signs, for both series of studied samples, the effect of
dysprosium is observed, the increase in the content of
which in the samples leads to an increase in positive values
of thermopower coefficient.

An interesting fact obtaining values of
thermopower opposite signs for samples
Y 1xDyxGe1g2 and Y14DyxGe with a slight difference in the
concentration of Ge, which is obviously due to the effect
of Ge, as an element with a higher positive value of
thermopower  coefficient (a273(Ge) +3.6 uV/K)
compared to Y (a2r3(Y) -0.6 pV/K) and
Dy ((Z273(Dy) =-22 ].J.V/K).

Magnetic ordering was not observed in the studied
temperature range for the Y3zDysGegs sample due to the
limitation of the temperature range of the device
measurements. The analysis of literature data showed for

is
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compounds with a high germanium content HoGe1 g5 and
ErGeigs, the presence of antiferromagnetic ordering at
Tn = 12 K and Ty = 6 K, respectively, which can be
expected from our samples at helium temperatures.

Similar to the compound ErGeigs with an effective
magnetic moment per. = 10.3 pg, the Y3zDysGegs sample
also exhibits a slightly higher magnetic moment and
paramagnetic Curie temperature (table 2).

The investigation of the Y-Dy-Ge ternary system,
literature data about the R—-R'-Ge (R and R' two different
rare earth) ternary systems confirms that continuous solid
solution are formed when binary germanides crystallized
in the same structure types. When binary germanides
crystallized in the different structure types, we see
formation of the ternary compounds and limited solid
solutions and the length of these solid solution is
determined by the sizes of the substituted atoms.

Conclusions

The phase equilibrium diagram of the Y-Dy-Ge
ternary system was constructed at a temperature of 870 K
in the whole concentration range based on the results of an
experimental study of the interaction of components. The
investigated system at 870 K is characterized by the
formation of six continuous solid solution and limited
solid solutions. The investigated of the electrical
properties of the alloys indicates of the metallic type of
conductivity in the temperature range 80-380 K. The
Y30DysGess phase is Curie-Weiss paramagnet in the
investigated temperature range.
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Phase equilibrium diagram of the Y-Dy—-Ge system at 870 K

3. nupka, 3. CrackkeBuy, A. I'opunb, B. [1aBitok

Hiarpama ¢a3oux piBHoBar cucremu Y-Dy-Ge npu 870 K

JTveiscvkutl nayionanvuuii ynieepcumem imeni leana @panxa, Jlveis, Yrpaina, Z.shpyrka@gmail.com

B3aemonist koMmmoHeHTIB y moTpiiHi# cucremi Y-Dy-Ge nocmipkeHa B IOBHOMY KOHIEHTpamifHOMY
iHTepBaii 3a remneparypu 870 K MeTo1aMu peHTTeHIBCHKOTO i MIKPOCTPYKTYPHOTO aHaTi31B, eHeproaucnepciitnol
PEHTTEeHIBCBKOI cHeKTpockomii. MK 130CTpYKTYpHHMH OiHapHMMH TepMaHiiaM{ iTpifo Ta IUCHPO3ifo
YTBOPIOIOTBCS. ~ HEHEpepBHI  TBepAi pO3YMHHM  3amimieHHS Y1.DyxGeis (ctpykrypHmii THn  AlBo),
Y3.Dy:«Ges (ctpykrypuuit Tun Ys3Ges), Y1.DyxGe (ctpyxrypuuit Tun CrB), Yii.DyxGeio (cTpykTypHuil TuI
HonGeio), Ys«DyxGes (cTpykrypruii Tvn SmsGes) Ta YsDy.Ges (ctpykrypHuit Tun MnsGes). Cnionyku Y Ger sz
(ctpykrypHuit T YGei,s2) Ta YGe2 (ctpykrypruii tan a-ThSi2) posuunstors 0,20 ta ~ 0,10 at. wactku Dy
BiznoBigHo, DyGei,s (ctpykryphuii tun TbGez) ~ 0,07 ar. wactku Y, DyGeiss (cTpykrypHuit tHn DyGeiss) —
0,05 ar. yactku Y.

JlocikeHO eIeKTPpUYHI Ta MarHITHI BIACTHBOCTI CIUiaBiB ckiany YsDys3oGess (ctpykrypruii Tan DyGe,ss)
ta Y30DysGess (cTpykrypruit Tun YGeis2). 3pasok cxiany Y3oDysGees € mapamarnetuxoM Kropi-Beiica. Ha
TepMOrpami IpH 0X0JI0mKeHHI ciuiaBy Y 10DYy20Gess crioctepiraeMo iHTeHCHBHHUH ik 3a Temieparypu 1207,4 K (y
MaKCUMyMi), TepMidHUii eeKT sKoro BimoOpaxkae yrBopenHs dasu Y 1xDyxGex ss.

KiouoBi ciaoBa: inTepmeraniiu, moTpiiiHa cucrteMma, (a3oBi pPIBHOBArW, TBEPAW pPO34HH, (izmuHi
BJIACTUBOCTI.
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