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Introduction

A;B phases with the Re;B type structure, formed
in zirconium and hafnium-based systems dissolve
oxygen up to the composition A3;BO (Zr;Fe, Zr;Co)
[1] or can be stabilized by oxygen, when such
compound does not exist in the binary system
(Zr;NiO and Hf;NiO) [2]. Hydrides of Zr;Fe(Co)
phases and their crystal structure were investigated
in detail [3], hydrides formation by Zr;NiOy
compounds had been studied earlier by us [4]. In this
report we generalize the results of studies of
ZrsMOy  (M=Fe,Co,Ni) and Hf;NiO, hydrides
(deuterides), namely, crystal structure, hydrogen
absorption characteristics in dependence on
oxygen content, as well as magnetic properties of
parent Zr;FeO, compound and its hydride.

Results and discussion

ZrsMOy  (x=0.2;0.4;0.6;0.8;1.0) alloys were
synthesized by arc melting with subsequent
annealing at 800°C. Zr;Fe(Co)O, compounds are
characterized by the homogeneity range from x=0
to x=1.0. In the case of Zr;NiO, alloys the
formation of oxygen-stabilized Re;B-type phase
was observed in the homogeneity range
x=0.4...1.0, for Hf;NiOy this range was x=0.6...1.0.
Crystallographic parameters of parent phases
Z1;:MOy and their hydrides were refined based on
XRD patterns using the CSD program (see Fig.1a-
b).

The data obtained indicate that the insertion of
oxygen atoms results in insubstantial changes in the
unit cell volumes of Zr;FeO, or to its slight decrease
for Zr;Co(Ni)Oy. In contrast, in their hydrides the
volume increment per hydrogen atom absorbed
increases with the rise in oxygen content from
AV/atH = 2.195 A® for Zr;FeHs; to 3.378 A® for
Zr;FeO; oHs3s. This unexpected trend was observed
for all Zr;MO studied hydrides (see Fig. 1c-d). This
phenomenon was explained by diffusion of oxygen
atoms during hydride formation, and was later
confirmed by structural analysis.

The crystal structure refinement of the parent
compounds Zr;MOy confirmed the filling of
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octahedral Zrl,Zr2, (4a) interstices by oxygen
atoms.

For the localization of deuterium and oxygen we
synthesized deuterides of Zr;NiO, and performed
neutron diffraction experiments. The profiles
(experimental, calculated and differential) for the
saturated deuteride of Zr;NiOg4 are presented in
Fig. 2. The structural data refined by the Rietveld
method using the program FullProf are provided in
Table 1.
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Fig.1. Unit cell volumes of Zr;MOy (M=Fe,Co,Ni)
hydrides (a¢) and parent compounds (b),
hydrogenation capacity — H/M (c) and partial



hydrogen-induced expansion of the unit cell (d) as
function of the oxygen content (O/f.u.).
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Fig.2. Rietveld plots of neutron powder diffraction
data of Zr;NiOy¢Dg 3, deuteride.

Table 1. Atomic parameters of Zr;NiOgDg 3».

Sp. gr. Cmcm (No0.63)

Lattice a=3.5515(1); 5=11.2291(2); c=9.6212(1) A
Radiat. 1.5418 A (Cu Ka) and 1.9114 A (neutron)
Atom | x y z Uy, <107 (A?) G
Zrl (4¢)| 0 | 0.9231(1) Vs 1.56(4) 1

Zr2 (8)| 0 | 0.3596(1) | 0.5528(1) | 1.06(3) 1
Ni(4c) | 0 | 0.2266(2) Vs 2.21(6) 1
O(4a) | 0 0 0 2.25(5) | 0.001(9)
DI (4¢)| 0 | 0.7260(4) Vs 2.25(5) | 0.935(15)
Ol (4c)| 0 | 0.7260(4) Vs 2.25(5) | 0.065(15)
D2 (8f) | 0 | 0.9017(8) | 0.6598(8) | 2.25(5) Y

D3 (8) | 0 | 0.1729(3) | 0.9468(3) | 2.25(5) | 0.93(1)
03 (8f) | 0 | 0.1729(3) | 0.9468(3) | 2.25(5) | 0.070(1)
D4 (8) | 0 | 0.4664(3) | 0.3740(3) | 2.25(5) | 0.655(11)
04 (8f) | 0 | 0.4664(3) | 0.3740(3) | 2.25(5) | 0.345(11)
D58 | 0| 0.930(3) | 0.623(3) | 2.25(5) | 0.276(9)

The crystal structure analysis based on the joint
refinement of XRD and PND data sets shows an
almost complete absence of oxygen from octahedral
interstices and its partial occurrence (together with
deuterium atoms) in D4, D1 and D3 sites (Fig.3).
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Fig. 3. Diagram of site occupations (atoms/cell) by
deuterium and oxygen atoms in Zr;NiOg¢Dg 3,

Thus, we have proved that the insertion of hydogen
atoms into the structure causes a displacement of
oxygen atoms from octahedral Zrl1,Zr2, (=0.83 A)
interstices into tetrahedral and trigonal-bipyramidal
sites. The calculated radii of interstices (D4 — 0.54 A,
D1 —0.53 A, D3 — 0.51 A) confirm the fact that the
redistribution of oxygen atoms becomes possible.
Zr;NiOg¢Dg3; was studied by XRD after the removal
of deuterium (heating in vacuum at 700°C, t = 1.5 h).
The crystal structure refinement of desorbed Zr;NiOg g
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revealed the complete return of the oxygen atoms into
the initial positions.

In addition we have studied the alloys of the
system Hf5MO, (M=Fe,Co,Ni). After annealing at
950 °C only for the HfsNiOy alloys (x=0.6...1.0) the
formation of the Re;B type phase was detected. The
study of the hydrides confirmed the phenomenon of
oxygen atoms migration into neighboring interstices.
The XRD pattern of Hf5NiOg¢Hs 60 hydride is shown
in Fig. 4, structural data of the main phase with Re;B-
type of structure are given in Table 2.
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Fig.4. Rietveld plots of X-ray powder diffraction data
of Hf3NiO ¢Hs ¢ hydride (FullProf).
Table 2. Parameters of ‘non-hydrogen’ atoms in
the structure of Hf;NiO(¢Hs ¢ hydride.

Sp. gr. Cmcm (No.63)

Lattice a=3.4593(1); b=11.1731(3); c= 9.5095(2) A

Radiat. 1.5418 A (Cu Ka)

Atom | x y z Uy, x 107 (A%) G

HfI (4] 0 |0.9227(2) v 0.58(6) 1

HE2 (8] 0 |0.3589(1) | 0.5546(1) | 0.34(4) 1

Ni (4c) | 0 [0.2319(5) Vi 1.6(1) 1

Oa) | 0 0 0 2.52) | 0.0(1)

O1 8(H| 0 | 0.509(5) 0.363(5) 2.5(2) 0.27(2)
Studies of Zr;FeH, hydrides by Moessbauer

spectroscopy showed the presence of hydrogen-
induced magnetic ordering at low temperatures [5].
In this report we shall discuss the data of magnetic
susceptibility measurements and Moessbauer studies
of parent Zr;FeOy and their hydrides.

This work was carried out in the frame of project
INTAS 99-01884 and the INTAS Fellowship grant for
Young Scientists YSF 2002-428 (Dr.R.Denys).
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BBenenne

®a3s1 A3;B co cTpykTypoii Tuna Re;B, koTopsie
00pa3ylTcs B CHUCTEMax Ha OCHOBE IMPKOHHS U
radHusI, paCTBOPSIOT KHCIOPOI 10 cocTaBoB A;BO
(Zr;Fe, Z1;Co) [1] wim MoTyT OBITH CTAOUITU3UPO-
BaHBI KHCIIOPOJOM, €CITU TaHHOE COCIUHEHUE HE
CymiecTByeT B IBOiHHOW cucreme (ZrsNiO u
Hf;NiO) [2]. Tunpuast ¢a3 Zr;Fe(Co) m ux kpu-
CTALTHYECKasl CTPYKTypa HCCIEIOBAHBI MOIPOOHO
B [3], ruapumooOpa3oBaHUE KHUCIOPOACOACPKA-
mmx coeauHennit Zr;MO, (Me=Fe,Co, Ni) panee
nccaenoBanoch HaMu [4]. B mannom moxname Oy-
YT 00OOIIEHBI Pe3yJbTaThl UCCIICIOBAHUS THIPH-
noB (meitrepunoB) ZrsMO, (M=Fe, Co,Ni) u
Hf;NiO,, a wWMeHHO, paccMOTpeHa WX KpHC-
TaJUIMYeCcKas CTPYKTYpa, BOJOPOACOPOIIMOHHBIC
XapaKTePUCTUKA B 3aBUCUMOCTH OT COJCPIKaHUS
KHCIIOPOJIa, MAarHUTHBIE CBOICTBA THAPUIOB U HC-
XOIHBIX coenuueHun Zr;FeO;.

Pe3ysnbTaThl U X 00CyxK/AeHHE

CmnaBel ZrsMOy (x=0.2;0.4;0.6;0.8;1.0) cunre-
3UPOBAIA JYTOBOM IUTABKOW M OTXKUTAIU TpU Te-
mreparype 800°C. Jlmsi coemuuenuii Zr;Fe(Co)Oy
o0HapyXeHO 001acTb roMOreHHOCTH OT x=0 1o
x=1.0. B ciryqae crmaBoB Zr;NiO, HaOironanu o6-
pa3oBaHHE CTAOWIM3MPOBAHHOW KHCIOpOoaoM (ha-
3Bl CO CTpyKTypol Tumna Re;B ¢ obmacTtpio romo-
reggoctd x=0.4...1.0 u mra HENIO, — x=0.6
...1.0. Kpucramnorpapuueckue mapaMeTpsl HC-
X0HBIX (a3 Zr;MeOy ¥ UX THAPUIOB PACCUNUTAHBI
U3 PEHTTEHOBCKUX JIU(paKTorpamMM ¢  HC-
noJjp3oBanueM nporpammsl CSD (puc.la-b).

[loyueHHpIe TaHHBIE CBUIETEIBCTBYIOT, UTO BHE-
JPEeHHE aTOMOB KHCIOpOJa TPUBOAWT K HE3HAYH-
TETbHBIM N3MEHEHHAM 00beMa dJIEMEHTapHOM ST4eiKn
ucxomuoit (asel Zr;FeOy u ero HeOOIBIIOMY YMEHb-
mennio it Zr;Co(Ni)Oy. HaoGopor, B Tuapumax
yIeNbHOE yBeNM4YeHHe o0beMa S4YeiiKh BO3pacTaer ¢
YBEINYEHUEM COZEP)KaHHS KUCIOpOZa U, COOTBETCT-
BEHHO, YMEHBIIICHHEM COJIep)KaHusl BOJOpOAa OT
AV/arH = 2.195 A’ s ZrsFeHs; no 3.378 A° s
Z1r;Fe0; oHs35. DTa HeoXnmaHHas TEHACHIM HaOIo-
Janach i Beex ruapunoB ZrsMOy (puc.1c-d) u Obiia
oObsicHeHa u(y3uert aTOMOB KHCIIOpOJa BO BpeMs
00pa3oBaHMs THAPHIIOB, YTO TOATBEPIKACHO PE3yiih-
TaTaM CTPyKTYpHOTO aHaIn3a.
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YTo4YHEHHNE CTPYKTYPbl HCXOJHBIX COENUHEHUH
Z1r;MOy moarBepamio 3anoiHerne O-aToMaMu OK-
Ta’ApUUECKUx mycToT Zrl,Zr2, (4a). JAnsa ompene-
JICHUS. MECTOHAXOXKACHUS NeHTeprs M KHCIOpona
ObLIM WCCIIEAOBAaHBI METOIOM HEHWTpoHOoTrpadmm
neritepunpl Zr;NiOyx. CoOTBETCTBYOIIHE TPOQIIIH
(9KCTIepUMEHTANBHBIN, TEOPETUYECKUH U Pa3HOCT-
HBI) HachklmeHHoro aekrepuma Zr;NiOgg Tpen-
cTaBJIeHbI Ha puc.2. CTpyKTypHBIE TaHHBIE, paccyu-
TaHHBIC MO MeTOoAy PuTBenpaa ¢ moMompi0 Mpo-
rpammel FullProf, mpencraBnenst B Tabm. 1.
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Puc.1. OObembl >rMeMEHTApPHBIX SYEEK THAPHIOB
Z1;:MOy (M=Fe,Co,Ni) (a) 1 HICXOIHBIX CIUIaBOB (b),
BOJIOPOICOPOITMOHHAS €MKOCTh (C) M yIENbHOE yBe-
JYeHne sueiiku TuapunoB (d) B 3aBUCHMOCTH OT
cozaepxkanus kuciopozaa (O/f.u.).
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Puc.2. Hetitponorpadudeckue npodmm neiitepraa

Zr3NiOg D 3.
Ta6m.1. [TapameTpst atoMoB Zr3NiOg D 35.
IIp.rp. Cmem (No.63)
Tap.s4. a=3.5515(1); b=11.2291(2); =9.6212(1) A
M3nyu. 1.5418 A (CuKo) n 1.9114 A (meiiTpon.)
ATOMBI | X y z Ui, x10° (A G
Zrl (4c)| 0 | 0.9231(1) Va 1.56(4) 1
Zr2 (8f) | 0 | 0.3596(1) | 0.5528(1) | 1.06(3) 1
Ni(4c) | 0 | 0.2266(2) Va 2.21(6) 1
O@Ma) | O 0 0 2.25(5) | 0.001(9)
D1 (4c) | 0 | 0.7260(4) Va 2.25(5) | 0.935(15)
Ol (4¢c) | 0 | 0.7260(4) Va 2.25(5) | 0.065(15)
D2(8f) | 0 | 0.9017(8) | 0.6598(8) | 2.25(5) Yo
D3(8f) | 0 | 0.1729(3) | 0.9468(3) | 2.25(5) 0.93(1)
O3 (8f) | 0 | 0.1729(3) | 0.9468(3) | 2.25(5) | 0.070(1)
D4 (8f) | 0 | 0.4664(3) | 0.3740(3) | 2.25(5) | 0.655(11)
04 (8f) | 0 | 0.4664(3) | 0.3740(3) | 2.25(5) | 0.345(11)
D5(8f) | 0 ] 0.930(3) | 0.623(3) | 2.25(5) | 0.276(9)

VYTOUHEHHE KPUCTAIMYECKOH CTPYKTYpbI 10
PCHTTCHOBCKHX W HEHTpOHOTpaUueCKUX JTaHHBIX
JEMOHCTPHUPYET MpPAaKTHYECKH IIOJIHOE OTCYTCTBHE
aTOMOB KHUCIIOPOJIa B OKTa3PUYECKHUX ITyCTOTaX U
YaCTHYHOE 3alloJIHeHHE (BMECTE C aToMaMH JieiTe-
pust) D4, D1 u D3 nozunwmii (puc.3).
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Puc.3. [Inarpamma 3aronHeHHs O3UIHH (aT./sTHeiKy)
aroMamu kuciopopa u aeirepust B Zr;NiOg 6D 3.

Takum 00pa3oM, HAMU JIOKA3aHO, YTO BHEIPEHUC
BOJIOPOJIa B CTPYKTYPY BBI3BIBAET CMEIIECHHE KHCIIO-
poZa ¢ OKTasApMUEecKUX MmycToT Zrl,Zr2, (=0.83 A) B
TETPAdAPUIECKUE W  TPUTOHATHLHO-OMITUpAMUIAITH-
Hble mo3ulnu. PacunTanHbie pamuyckl mycrot (D4 —
0.54 A, D1 —0.53 A, D3 — 0.51 A) noarepKaaroT,
YTO BHEAPEHWE aTOMOB KHCIIOpOJa SIBISIETCS BO3-
MOXHBbIM. PEHTreHOBCKOEe WCcienoBaHue o0Opasia
Z13NiOg¢Dg 3, Tocime ymanmenust aedtepust (HarpeB B
Bakyyme mpu 700°C, t = 1.5 1) mokazajo mojHoe BO3-
BparieHre O-aTOMOB B HCXOTHBIC TIO3UITHH.
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Hamu Takke mpoBEIEHO HCCICAOBAaHUE CIUIa-
BoB cuctemel Hf;MO, (M=Fe,Co,Ni). Ilocne or-
xura npu 950 °C Tonbko i cruaBoB Hf3NiOy
00HapykeHO o0OpazoBaHHE (a3l CO CTPYKTYPOM
Re;B (x=0.6...1.0). I[Ipn nccnempoBaHuu TUAPUIOB
MOJITBEPIKICHO SIBICHHE MUTPAIH KHUCIOPOIHBIX
aTOMOB B COCEIIHHME MYCTOTHI. PEHTIeHOBCKas -
¢dpakrorpamma ruapuaa Hf;NiOg¢Hse mpencras-
JICHa Ha puC. 4, CTPYKTYpHBIC TaHHbBIC — B Ta0J1.2
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Puc.4. PentrenoBckue IudppakiuoHHbIE TPOQHIH
ruapuna Hf3NiOg ¢Hs ¢ (M- PutBensaa, FullProf).
Ta6m.2. [TapameTpsl ‘HEBOJIOPOIHBIX aTOMOB B
ctpykrype ruapuna HE5NiOg ¢Hs ¢ .

Ip.rp. Cmem (No.63)

Tap.su. a=3.4593(1); b=11.1731(3); c= 9.5095(2) A
N3nyy. 1.5418 A (Cu Ko)

Atomsl | X y z U ICAY| G
Hf1 (4c) 0 |0.9227(2) v 0.58(6) 1
Hf2 (8/)| 0 |0.3589(1) | 0.5546(1) | 0.34(4) 1
Ni (4c) | 0 [0.2319(5) Vi 1.6(1) 1
O4a) | 0 0 0 2.5(2) | 0.0(1)
O18(AH| 0 | 0.509(5) | 0.363(5) | 2.52) | 027(2)

Hccnenoanue ruapuaos ZrsFeH, Metomom
Mecc-0ayIpOBCKOH CIIEKTPOMETPUU TIOKA3aJio CY-
IIECTBOBAHUE BOJOPOJI-MHIYLIMPOBAHHOTO Mar-
HUTHOTO YIOPSAOYEHUS NMPU HU3KHUX TeMIepaTy-
pax [5]. B mamnom poxmame OymyT oOCYKIEHBI
JAaHHBIE U3MEPEHUSI MATHUTHOW BOCITPHUMYHBOCTH
U Mecc-0ayIpOBCKOTO HCCICAOBAHUS TUAPUIOB U
UCXOOHBIX coennHeHnii Zr;FeOy.

Mannas poboma evinoinena 6 pamxax —npoekma
INTAS 99-01884 u cmunenouu INTAS onsa monoowix
yuenvix YSF 2002-428 (P./lenuc).
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