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Electrical properties (resistivity and temperature coefficient of resistivity)
of the Y(Ga,Al):, Y(Ga,Si): and Y(Ga,Ge): solid solutions are studied using
the model coatings deposited on mica substrate. Analysis of temperature de-
pendences of the resistivity reveals that YGa: compound as well as the solid
solutions on its base possess a metallic conductivity. Substitution of a certain
part of the gallium atoms in YGaz compound belonging to AlBz-type structure
with germanium, silicon or aluminium atoms leads to decrease of resistivity
in the Ga — Ge — Si — Al series that may be caused by both the nature of at-
oms themselves and technological parameters of coatings’ preparation (pri-
marily, by their homogeneity).
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EnexTpuuni BiaacTuBOCTi (eleKTpoomip i TemmepaTypHuil KoedilieHT eleKT-
poormopy) TBepaux posunniB Y(Ga,Al)z, Y(Ga,Si): ta Y(Ga,Ge): gocaigsxerno 3
BUKOPUCTAHHAM MOJEJbHUX MMOKPUTTIB BiATTOBiAHNX CTOIIiB Ha camoni. AHai-
3a TeMIIepaTypHUX 3aJIe;KHOCTell eJIeKTPOoOomopy MmoKasaja, IMo AK CIOJyKa
YGaz, Tak i TBepai po3umHM Ha ii OCHOBI MarOTHL MeTaiuHy MPOBigHiCTH. 3a-
MillleHHsI IIeBHOI YaCTUHU ATOMiB Taxito B cuonyii YGasz, 1110 HAJIEKHUTH 0
crpykTypu tumy AlB:, na aromu I'epmanito, Cuurimito a6o AmoMinioo mpuBo-
JUTh 4O 3MEHIIIEHH eJIeKTpooIropy B pany Ga — Ge — Si — Al, 1o mozxe 0yTu
3YMOBJIEHO SK IIPUPOAOI0 CAMUX aTOMiB, TaK i TEXHOJIOTIUHUMHU OCOOJIMBOCTSI-
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MU OJIePsKaHHA MOKPUTTIB (IIepII 3a Bce, iIX TOMOTE€HHICTIO).

KiarouoBi cioBa: iHTepMeTanigu, eJEeKTPUUYHI BJIACTUBOCTiI, KpHUCTATiuHA
CTPYKTYpa, PEHTT'eHOCTPYKTYPHA aHaJIi3a.

AeKTpuYecKre CBOMCTBA (AJIEKTPOCOIIPOTUBICHNE W TeMIIEPATYyPHBIH K0ah-
(bUITIEeHT 57IeKTPOCOPOTUBICHM ) TBEPABLIX pacTBopoB Y(Ga,Al)z, Y(Ga,Si): u
Y (Ga,Ge)2 uccienoBaHbl C MCIIOJIb30BAHUEM MOEJIbHBIX IMOKPBITUN COOTBET-
CTBYIOITUX CILJIABOB Ha CJioZle. AHAJIU3 TeMIEPATYPHBIX 3aBUCUMOCTEI dJIeK-
TPOCOIPOTHURJIEHUA IIOKa3aJ, UTO KaK coefuHeHN0 Y Gaz, Tak U TBEPABIM pac-
TBOPAM Ha €r'0 OCHOBEe IIPUCYIIl METAJINYECKUH TUI TPOBOAMMOCTH. 3aMelrie-
HUe OIPeeIEHHOM YacTy aTOMOB rajins B coeguuernuu Y Gaz, KOTOPOe OTHO-
curcd K tuiry AlBz, aTomaMu repMaHuA, KPEeMHUS UJIN ATIOMUAHNAS IPUBOIUT K
YMEHBIIIEHIIO 9JIEKTPOCOIPOTHBIeH!A B pany Ga — Ge — Si — Al, uto moxxeTr
OBITH OOYCJIOBJIEHO KaK IPUPOAON CaMUX aTOMOB, TaK U TEXHOJOTMUYECKUMU
0COOEHHOCTAMU W3TOTOBJEHUSA MOKPBITHI (Iperkae BcCero, MX TOMOTEHHO-
CThHIO).

KaroueBbie cioBa: MHTEPMETANIUIBI, SJI€KTPUUECKNE CBOMCTBA, KPUCTAJIN-
yecKasa CTPYKTYPa, PEHTTeHOCTPYKTYPHBIN aHAINS.

(Received January 12,2017, in final version, September 26,2017 )

1.INTRODUCTION

Binary intermetallic YGaz is a congruently melting at 1350°C com-
pound [1] with the enthalpy of formation defined by the high tempera-
ture reaction calorimetry method equals to —64,4 kJ /(g-atom) at 298°C
and -61,8 kJ/(g-atom) at 1125°C [2]. Gallide YGa: is crystallized in the
AlB;-type structure (a=0.4217 nm, ¢=0.4111 nm). Structurally Ga
atoms in YGaz are centred the trigonal prism of yttrium atoms and
form itself the graphite-like nets. Calculations of the charge density
distribution by using the plane wave pseudopotential method have re-
vealed that Ga—Ga bond in these gallium nets possess strong covalent
nature, which results in shorter distances between Ga atoms [3].

According to Refs. [4—7], in the Y—{Al, Si, Ge}—Ga ternary systems,
intermetallic YGa; forms substitutional solid solutions with homoge-
neity regions that extended along the 33.3 at.% Y isoline up to (at.%)
18 Al, 12 Si and 4 Ge, respectively. Moreover, the crystal structure of
these solid solutions is characterized by the replacement of some galli-
um atoms in the graphite-like nets by atoms of the third component. As
far as we know, results on study the electrical and magnetic properties
of these solid solutions are not published yet. Thus, it would be fasci-
nating and beneficial to study electric properties of this system and to
analyse the connection between crystal structure transformations and
features of these materials.

Here, we present our study of electrical resistivity of the Y(Ga,Al)s,


https://en.wikipedia.org/wiki/Graphite

ELECTRICAL RESISTIVITY OF THE Y(Ga,Al)z, Y(Ga,Si): AND Y(Ga,Ge): SOLUTIONS 1301

Y(Ga,Si): and Y(Ga,Ge)s solid solutions with the AlB;-type structure.

2. EXPERIMENTAL DETAILS

The alloys of the Y—{Al, Si, Ge}—Ga systems (33.3 at.% Y) were pre-
pared by arc melting from yttrium (99.8% wt.) and gallium (99.999%
wt.) with electrolytic aluminium (99.99% wt.), silicon (99.999% wt.)
or germanium (99.999% wt.) under purified argon atmosphere. The
metal foils of these alloys have deposited by vacuum resistivity evapo-
ration method (W-evaporator) simultaneously on K8 optic glass (of
22 mm diameter) and the mica strips (of 2—3 mm wide) (the tempera-
ture of a single folder was about 600°) using a standard vacuum VUP-
5M equipment. The compactness, homogeneity, elemental composi-
tion, and thickness of the deposited coatings have been monitored by
both scanning electron microscopy (SEM) and microprobe analysis (BS-
340 Camebax equipment).

X-ray powder diffraction (XRD) data of the alloys and deposited
coatings were collected with DRON-3 automatic diffractometer (Cuk,
radiation). The diffraction patterns were obtained in a discrete mode
under the scanning parameters as follow: observation range 26 =20—
130°, step scan is of 0.05°, counting time per step is of 3 s. The original
software package [8] elaborated for the automated DRON equipment
and including full complex of standard Rietveld refinement procedure
has been used. This software package is created for the following: de-
termination of both peak positions and integral intensities of the
Bragg reflections by means of full profile analysis; carrying out quali-
tative and quantitative phase analysis using PDF data for phase iden-
tification and least square method for lattice-constants’ refinement;
testing of the structure models and refining the crystal structure pa-
rameters, etc.

Resistivity of coatings deposited on mica strips was measured at
300-900 K under purified argon atmosphere by the standard four-
probe method with platinum contacts.

3. RESULTS AND DISCUSSION

Because of the high fragility of alloys prepared by the arc melting, it
was not possible to synthesize thin samples of regular geometric shape
being suitable for the resistivity measurements. Therefore, it was de-
cided to carry out the measurements on the coatings deposited on mica
strips instead of the bulk alloys. Assurance to obtain a coating being
isophase to alloy studied is based on following facts. Foremost, YGas
compound is formed congruently and it is characterized by high en-
thalpy of formation (—64.4 kJ/(g-atom)) [2]. Next, the enthalpy of mix-
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ing of liquid gallium and yttrium reaches its extreme value near YGas
stoichiometric composition (at 40 at.% Y)[9].

As a result of deposition mode tuning, the crystalline coatings with
chemical and phase compositions relevant to the initial alloys have
been synthesized (Table 1, Fig. 1, a). Besides, it was shown that amor-
phous thin film or textured coatings ([001] direction) could be pre-
pared by varying the temperature of substrate (Fig. 1, b, ¢). Further
improvement of synthesis technology allowed us to prevent the oxida-
tion of coating (caused by Y:0; appearance) as well as the overheating
of alloy (caused by the YGag formation).

SEM study has revealed the compact dendritic structure (Fig. 2) of
the most coating obtained, which is quite important to provide the
electrical contacts between individual grains.

Results of microprobe analysis have shown that the prepared coat-
ings are homogeneous enough and contain an additive metal (alumini-
um, silicon or germanium) except yttrium and gallium. However, the
content of these additive metals in coatings (right part of Table 1) dif-
fer from those in initial alloys (left part of Table 1) that causes a
change of lattice constant values.

Resistivity measurements have been carried out for the coatings

TABLE 1. Results of study of the coatings obtained from initial alloys (solid
solution on the base of YGaz).

Initial alloy prepared by arc melting Coating deposited on mica substrate
No.met.| Phase |Lattice constant, nm [pfe? Phase Lattice constant, 0-1073 P
’| composi- o i nm o ’
at. % . at.% |composition| K pOm-cm
tion a | c a | c
1 - YGas 0.4237(8) 0.4142(8) 1.63(7) 48(2)
- YGas; 0.4197(1) 0.4094(1)
2 Amorphous - -
Y—-Al-Ga system
3 5 Y(Ga,Al); 0.4211(8) 0.4094(2) 2(1) Y(Ga,Al); 0.4198(2) 0.4085(2) 2.46(5) 20(1)
4 10 Y(Ga,Al); 0.4218(2) 0.4085(2) 3(1) Y(Ga,Al); 0.4230(1) 0.4119(1)
5 6(2) Y(Ga,Al); 0.4238(1) 0.4137(1)
16 Y(Ga,Al); 0.4234(3) 0.4075(3)
6 — Amorphous - -

Y-Si—Ga system

7 10(2) Y(Ga,Si); 0.4240(1) 0.4142(1) 1.72(6) 29(1)
7 Y(Ga,Si); 0.4178(1) 0.4086(2)

8 Amorphous - -

9 . 5(2) Y(Ga,Si); 0.4222(4) 0.4116(7)
12 Y(Ga,Si); 0.4157(2) 0.4079(3) .

10 8(2) Y(Ga,Si); 0.4199(9) 0.4103

Y—-Ge—Ga system
11 5 Y(Ga,Ge);0.4214(2) 0.4130(2) 8(2) Y(Ga,Ge); 0.4190(4) 0.4106(3) 1.64(5) 33(2)

! Metal content according to charge composition.
2 Metal content according to microprobe analysis data.
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Fig. 1. XRD patterns of Y(Ga,Me): coatings deposited by different modes:
crystalline non-textured coating (a), amorphous coating (b), crystalline coat-
ing with [001] texture (c).

with the closest to the initial alloy phase and chemical compositions.
The typical temperature dependences of electrical resistance (Rr/Rso00)
for YGas as well as for the Y(Ga,Al):, Y(Ga,Si): and Y(Ga,Ge): solid so-
lutions are shown at Fig. 3.

The obtained results have revealed that all coatings studied here
possess the conductivity of metallic type. By means of analytical
treatment of the temperature dependences of resistivity, the tempera-
ture coefficient of resistivity (o) and the electrical resistivity at room
temperature (p) have been determined (Table 1). It should be men-
tioned that the thicknesses of the coatings has been determined (dur-
ing the study) by microprobe analysis method and its value has been
used for the p calculations.

So, the study of temperature dependences of electrical resistivity
has revealed that YGas compound and the Y(Ga,Al)s, Y(Ga,Si): and
Y (Ga,Ge): solid solutions on its base have the metallic conductivity.
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Moreover, substitution of the gallium atoms onto germanium, sili-
con or aluminium ones results in a decrease of the resistivity value as
well in increase of temperature coefficient of resistivity as in the
Ga — Ge — Si — Al series (Table 1, Fig. 4). It should be noted that ac-

Fig. 2. SEM images of the coating contained aluminium (a, b), silicon (¢) and
germanium (d).

1.6+
1.5
1.4

1.3

RT/ RBUO

1.2

1.1

1.04

300 350 400 450 500 550

»

Fig. 3. Temperature dependences of the relative electrical resistance Rr/Rsoo
for YGaz compound (marked by m), Y(Ga,Al): (0), Y(Ga,Si)z: (A) and Y(Ga,Ge):2
(0) solid solutions.
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cording to the microprobe analysis data the compositions of formed
solid solution (8-15 at.% of Me, Table 1) are similar and close to the
compositions corresponding to replacement of gallium atom occupied
the graphite-like nets in the crystal structure of YGaz onto an atom of
additive metal (Ge, Si or Al). This phenomenon along with Pauli para-
magnetism of the gallium rich alloys of these systems [10, 11] indi-
cates that the changes in properties of studied solid solutions are
caused by the change in the electron concentration.

In our opinion, the formation of solid solutions of substitution is ac-
companied by a change in the configuration of spd-hybridized atomic
orbitals that leads to delocalization of some of the interatomic bonds of
the YGa; compound. This peculiarity causes an increase in the conduc-
tion electrons’ concentration and, hence, leads to a change in p values
and Rr/Rso temperature dependences. The degree of delocalization
(the number of delocalized bonds) depends on a size of the component
dissolved and determines the changes of resistivity. The tendency of an
increase in o values (Fig. 4) is caused by a decrease in p value since
o=(1/p)(dp/dT). In general, the specific resistivity is determined not
only by concentration of the conduction electrons, but also by defects
of the crystal structure and by the microstructure of material as
p=pp+p(T), where pp is the temperature-independent contribution
from the defects, and p(7T) is the temperature-dependent contribution
to electrical resistivity. According to data of crystal structure refine-
ments, the structural defects (vacancies and included atoms) are ab-
sent in the structures of the studied Y(Ga,Al);, Y(Ga,Si): and
Y(Ga,Ge): solid solutions and do not contribute to the pp value. Howev-
er, parameters indicating the non-homogeneity of the coating (the
presence of a dendritic microstructure) can contribute to pp. Thus,
both these factors, namely the electron concentrations and inhomoge-
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Fig. 4. Resistivity values (p) (circles) and the temperature coefficient of the
resistivity values (a) (triangles) for the components solved in YGaz compound.
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neity of the obtained coatings, determine the decrease in electrical re-
sistivity of the studied solid solutions according to the Ga —» Ge — Si —
— Al series.

4. CONCLUSION

Electrical properties (resistivity and temperature coefficient of resis-
tivity) of the Y(Ga,Al):, Y(Ga,Si); and Y(Ga,Ge): solid solutions have
been studied. Based on XRD and electron microprobe analysis results,
the deposition modes have been tuned and allowed to synthesize a mod-
el coating, which is isophase to the initial alloy. Study of the tempera-
ture dependences of electrical resistivity has revealed that YGas; com-
pound as well as the Y(Ga,Al)s, Y(Ga,Si): and Y(Ga,Ge): solid solutions
on its base have metallic conductivity. Substitution of a certain part of
the gallium atoms onto germanium, silicon or aluminium ones leads to
a decrease of resistivity in the Ga — Ge — Si — Al series may be caused
both by the nature of atoms themselves and by technological parame-
ters of coatings’ processing (primarily, by homogeneity).
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