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Selec凶 Metal-HydrogenSystems lU1der 1五位HydrogenPressure 
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Insti旬teofPhysical Chemis仕y，Polish Academy ofSciences， ul. Kasprzaka 44，01・224Warsaw， Poland 

Development of high hydrogen press町etechnique and its application for syntheses of hydrides of transition 

metals (with focus on MnHx and hydrides of Ni-based alloys) and hydrides of Laves phase alloys have been 

briefly reviewed. Experimental prove ofthe existence offerromagneticfcc Mn is given and a unique role ofMn 

m岡山formationofRMn2 Laves phase alloys into non-interstitial RMn2H6(R = Y， Er， Dy， Ho， Gd) hydrides is 

presented. 

Key words: Transition metals， Laves phase alloys， Hydrides， High pressure 

特 集

1. INTRODUCTION hydride syntheses with main fc∞us on iransition metals and Laves 
phase alloys. 

百le“白血erofhigh pressure res伺rch"P.W. Bridgman， whose 

pioneer works were awarded with a Nobel prize in 1946 hぉ 2. HIGH PRESSURE APPARATUSSES FOR 

invented and construc旬da number of high press町e句山pments HYDROGEN COMPRESSION 

which then he employed in his outstanding studies of properties 

ofma悦ratex住emelyhigh pressure conditions [1]. His excellent 

equipments were still not good enough to check the prediction of 

Wigner and Huntington [2] about岡山formationof molecular 

hydrogen into the metallic state瓜30GPa. It∞叫dbe expected 

that血is“metallichydrogen dream" toge血erwith experimental 

high p問ssuretools creat吋訪問dyby Bridgman will stimulate 

research on hydrogen and hydrogen-metal sys記msat very high 

pressure conditions. However， for quite a long time researchers 

た訂edto undertake such studies b∞ause of well known C 

D 

“hydrogen embrittlement" re叩onsiblefor dangerous damage Fi伊re1. System for hydrogen pressure up to 2 GPa (H2): (A) H2 bo仕le，

(sometimes explosions) of iron base vessels being in contact with (B) Press町eintensifi.er up to 0.1 GPa肝2); (c)σ) Oil pumps， (0) 
hydrogen at high pressure. An essential br，伺畑hrought∞k place Piston-cylinder high pressure app抑制s，(E)Hy'的叫icp向田.
in 1966 in the Insti旬teof Physical Chemistry of the Polish 

Academy of Sciences (lPCh P AS) where the first synthesis of 百lesimplest sys旬m for experiments with high hydrogen 

N旧 directly企omelemenu句hasbeen done by Baranowski and p陀ssure，designed in our laborョtoryis shown on Fig. 1. It is 

Wisniewski [3]瓜25oC and almost 1 GPa of H2 gas pr邸S町e. composed of H2 bo仕le，p町田町ein胞m凶er，hydrヨ叫lCP悶ssand 

Further experiments [4， 5] proved由atthe equilibrium formation setup of one s阻gepiston -cylinder apparatus. 

press町eof N出 islower and equals 0.63 GPa at r，∞m H2 from the bottle (山田llyat press町e15 MPa) is p問liminary

tempera加re. 百us 問sult， obtained by using a simple comp問ssedby p問ssureintensi自erto about 0.1 GPa and then 

piston-cylinder appara旬s initiated development of more conducted血rough出ecapil凶Yto cylinder containing samples to 

sophisticated instrurnentation and e鳩山iveexploration of be investigated. Cylinder， shown in Fig. 2 [7]， is made of three 

metal-hydrogen systems in searching for novel hyl企ides. co叙 ialtubes; inner削除is made企omhardened Cu-Be alloy (a 

Discovery of superl∞nductivity ofPdHx by Skoskiewicz [6]企om hydrogen resistant material) while two outer訂'emade企om
血esame group had further stimulating e百ectfor these hardened high s住'engthsteel. Bottom side of cylinder is c10sed 

challenging studies. In this paper， we will review high pressぽe with a stopper locked by a plate fixed by screws. A movable 

plSωn is c10sing the cylinder仕omits upper side. Both， stopper 
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組rnpleby a ch田nicallyin町tliquid (sili∞ne oil). 
prelirninary∞mpression the抑制deisd∞omposedand bubbles 
ofH2 gas go through the liquid laylぽ ω血eUIやぽpartofωpsule 

wh関誌ωnreactwi白血esarnple. 

組 dmovable pisωnare民aledwi血rubbero-ring and a metal ring. 

百1e伽n戸羽制民 of血ispiston-cylind町 appara旬sωnbe

はめ出zedwi白血血erange of-l∞-150 oC by using組 outside
h伺位19mantle， thermomet町 and回nper湖町∞ntrolsys蜘 1.

Trea出回tof銅mpl郎副highpressure and岡n抑制reshighぽ

伽 1150 oC (upωabout 8∞oC)ωn be execu凶 ina
mini-白rnace1∞a民dinthewo出ngvolume of cylind町.In such 
case， the cylind町 m凶tbe c∞led血roughthe c∞ling mantle ω 
pro慨はfromthe overheating. 

?
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Figure 3. Ampo叫efor generation ofhydrogen pressure 1中旬-1OGPa

ωbe applied with a蜘伽dqtl8Sihy，伽蜘chigh pressure a卯翻加S.

(1) sample， (2) el配出calleads，(3) H2回目白，(4)s出∞neoil. [Ref 9]. 
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Ano血ぽ司司proach，eliminating liquid (whichωnbere司x)llsible

for contamination of the sarnple) which was proposed by 

Sawaoka， Wakamori and F出pek[10]也shownon Fig. 4. 

〉

日伊re2.回ghp悶悶柳aratus必rH2pres町田upto 2 GPa (H2). (1) 

Cu-BeInnぽ加be，(2X3) high泊四例1S防 1cylinders， (4aX4b) p岱句nand

伽時町;(5)湖 lings，(1めscrews，(ηclosing plate， (紛8町)t血hern句

H2 凶e叫t，(ο10町)he伺ati血加nザgjcα〈∞旧，lin唱gma釦nt叫11白le[Ref η . 
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Figure 4. cu ampo叫efor generation ofH2伊 pressure1中旬 ~10GPa 

ωbea卯liedwith a stan伽rdqtl8Sihy，企os匂tichigh p民路町e叩戸m加S.

[Ref 10]. 

百1eyproposed a tight cu ampo叫ewhich ∞ntains a錨rnple
disc ∞vered from bo血sidesby a Pd foils and placed betw倒 1
two plates of hydrogen source rnaterial.官邸 “泊ndwich"

struc加recan be used for s戸1由自esof hydrides at -10 GPa H2 

P悶ss町e∞nditions.Similar solution was proPOSed by Fukai [11]， 
Yam広a胞[12]and Antonov [13].百1eampo叫esofbo出kinds

(with or without liquids)ωn be used for any type ofhigh p陀ssu民

apparatusぉtoroidal，belt，低回gonal，six -anvils cubic p回ssetc. 
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Due ωlimi低ds仕切併1of Cu-Be alloy， a甲ecialm吋ification

of the piston-cylinder appara加sis n氏自錨巧，forp胞団山erange 

expandedω3 GPa. An effi∞tive solution is two-s阻ge
∞nstruction [8].百1eCu-Be v，回selis c10sed with a movable 
piston sealed by a teflon ring， initially charged with H2瓜0.1GPa 

組 d血enplaced in high s蜘供 st民1(m翻 gings附 1)cylindぽ

filled wi出apressure回nsmittingliquid (m立制民ofalcohols or 

light hydrocarbons). Due ωlow創ctionof血.eteflon sealing the 

pressures， inside and outside of the inn町Cu-Bevessel are 

practically 何回1.百1erefo民自isinner vessel is not mechanically 

charged and available pressure limit depen也onlyonthe s悦ngth

of也emaragings防 lcylind民 stopperand movable pistonφo也

made of tungsten carbide). E日l恥e旬倒ct出d即悶C伺叫al均d也sd必eli伽V白吋 ω 血白e 

錨rnpがle岱:s1∞a胞凶din hyd命ro略g町伺1a町凶1旧os叩ph白閃右m 血einn班mぽ vessel ωn 
b切e凶e吋dω m伺釦詑 組yele邸C出calpro阿 H悦臨e郎s(守re邸si也S世削吋tザy，

血白erm∞l恥釘出cp卯ow町民'，e此b舵飢川c.り.)
Ex泊1既ens凶S旦ionof pressure range up to -9 GPa has been proposed 

by the group of Ponyatovskii [9] who applied a toroidal high 

p陀ssureappara加scombined with組 ampo叫e∞ntaining
mv，回，tigaぉdsarnple and a hydride (for example， MgH2 or A1H3) 

ぉhydrogensourcema如 al.百出hy，出dewぉS句抑制企omthe 
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Figure 4. Schematic出国国姐onofDiamond an羽lcellの'AC).

Press町田ofoneordぽ higherbecame available by introducing 

出ediamondan吋1cell のAC)[14]. Char伊19wi血hydrogenωn
be done by closing liquid (or solid) hydrogen [15] or 

pre∞mpressed H2 gぉ [16]in the space bem叩 1two diamond 
anvils.百世s恒ndof apparatus h部 b悶 1凶edfor s旬dyofEOS 

(Equation ofS包te)and phase transitions ofpure H2 [15， 17-19] as 

well as for syn血esesofhydrides [12，20・24].In extremely high 

p民ssures，it is necessaryωconsider possible chemical reactions 

which might∞C町 insuch conditions. 0せlerwiseobserved 
phenomena can 1切dωwrongconclusions出 r叩0巾din 

Reference [25] describing the case of “meta11ization of S町'

which in fact wぉ relatedto formation of P田 inreaction of pt 

g部ketwi血hydrogengeneraぉdduringS凪 decomposition.

3. HYDRIDES OF TRANSITION METALS 

Since也1SP叩ぽ∞ncernson1y hydrides formed at high 

hydrogen白gacity，we will not disc凶 shぽe血ehy世id邸 ofsuch

metals as Pd， V， Ti， zx or Nb which easily react wi血hydrogen
even at low pressure. 

3.1 Ni and Ni-based alloys 

百leN田， unstable at 25 oC has b田ndiscovered in 1959 by 

Baranowski and Smialowski [26] during electrochemical 

charging ofNi by H.百leformation ofNiH is accompanied by a 

dis∞ntinuous in，口問seof出elattice p制 net町 ofjecNi by about 
6%. De∞mposition pressure of血eN出 at25 oC was estimated 

瓜0.34GPa [27]. Due ωabso中世onldeso中，tionhyst町田is，itwas 

expected血atsyn出esisofN出企'Omme阻出cNi foil and gas∞m 
H2 would require a highぽ P問ss町e.Aiming at synthesis ofN出

directly企'Om elements吐le盆stequipment for hydrogen 

compression upω1 GPa (H2) range has been designed and 

success白llyapplied.Formation pressure ofNiH was determined 

特 集

as 6.3 GPa (H2) at 25 oC [4，5] what confirmed existence of a v'句 r

lぽgehyst町田isbetween absorption and desorption branches of 

the iso曲目m. 国 ssynthesis of N田-the伽 thigh pressure 

hydride was a rnilestone in吐lestudies of metal-hydrogen systerns. 

Ito戸ned血eway for syntheses and investigation of properties of 

a number of novel hy'企ides.Recently several re吋ewarticles on 

formation，恒netics，magnetic and回nゃortproperties ofNi and 

Ni-bぉedalloyswぽ'epub1ished [28， 29]. 

Formation of hydride ph節目 C組 be回cedby taking X -ray 

di血ヨctionαRD)pa仕erns(directly in si，ωin a DAC)ωby 

m伺suringelectric resistivity or/and血.erm∞lectricpowぽ(TEP)
as a fimction of H2 p回ssure.Determination of these properties 

gives also valuable information about influence of hydrogen on 

electronic prop剖 esof investig縦 d alloy. For instance， 

according to approach of Mott [30] and its improved versions 

[31] the net di血lSion therm∞lec出c pow町 d叩ends，
appro氾ma胞ly，on the derivative of the density of s阻teson energy 

at the Fermi level. Studies of the influence of hydrogen on血e

thermopowぽ at25 oC in different NiMe alloys (where Me s阻nds

for alloying elements) revealed由民edifferent behaviors during 

formation of a hy'企ide:

りIncreaseof TEP丘omnegative values ω ~ OμV反，白山 value

characteristic for pure cu，吐lenext element after Ni in血e3d 
series. 官邸 positivechange of TEP during formation of 

hydride 0∞町sforp町eNi and for Ni alloyed with p elements 

(Al or Si) or such d elements as cu or Fe， which on1y slightly 
change the band s加ctureofNi [32・36].

ii) It is interesting血atTEP changes during hy'命ideformation in 

堕Coalloys differ from those of堕Fe[37]. 百leTEP of 

Ni9SCosH 1.0 is almost the same as血atof parent alloy (~ -22 

μVIK) whi1e for Ni90CoIOHω it drastically falls down 

approaching to -40μV IK. Let us remark血atN田，inwhich 

elec住'Onsfrom hydrogen fill up the holes inゅーandιband，h筋
electronic struc仰向 sirnilarto血atof cu or Au. 官邸 can
suggest出剖tendencyobserved in也Co)Hxhぉ sirnil紅 origin

as in CuCo or担Cofor which the giant negative TEP were 

at住ibutedto血eKondo e自己ct. 官官 minimaof TEP for Fe 

doped cu or Au訂'enot as deepぉforCo doping. Also for Fe， 
these minima are located at low也mperaturewhile for Co 

impuriti白血Kondotemperatureωn be as high as 25
0

C.百le

l紅genegative TEP of也Co)Hxcan be吐lereforeexplained in 

旬rmsof Kondo sys旬rnswith high tempem加reT K just like 

CuCo or AuCo. 

iii) It is known that Ni substituted by such 3d回nsitionme回1sas 

Ti， VorCr， hぉ anomalouslylarge change ofTEP (from gr'回t
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negativeωhigh positive values) with increasing c'Oncen回 ti'On

'Of血esubsti知te.百世sis related to血epresence 'Of imp田'Ity

吋出血1bound stateれ1BS)at the Fermi level [38]. N'Ow， during 

hydr'Ogenati'On， the change 'Of TEP can be positive， n'One 'Or 

negative depending 'On出einitial TEP value 'Of the p訂entall'Oy

[39]. Asωn be seen 'On Fig. 5， the f'Ormati'On 'Of hydrides 

evidently ∞mpensa胞sthe changes 'Of TEP resul記d企om
d'Oping 'Of Ni by Ti， V 'Or Cr. In spi旬'Ofverydi宜erentinitial 

TEPvalues(企omabout -20μVlKt'Oめ'Out+25μVIK) 'Of these 

all'Oys， their hydrides have alm'Ost血e回mesmall positive value 

'OfTEP，just as p町eN田.
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日伊re6. Schematic illus回tionof the band struc刷rechang'白 during

hydride formation in Ni and in Ni alloys in which the VBS ap戸泊四n回r

the Ferrni level: (a) pure Ni， (b) N田，(c)H・古田VBSalloy; (d) hydride of 

the VBS Ni alloy [Ref 39]. 
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3.2 Other transition me泊Ishydrides. 

Soon after出eN出，出ehigh H2 press町etechnique devel'Oped 

in IPCh P AS has been succεssfully applied f'Or syn出esis'OfCrH 

[42] and hcp孔1nHxμ3].F山由erprogress has been d'One by 
日伊re5.Therm侃 l氏出cpowerS，始。fH-世田alloys(open symbols) and Russian gr'Oup wh'O syn出esizedhydrides 'OfCo， Fe， M'O， Tc， Rh 

its change L1S during hydride formation (black symbols)俗白nctionsof and Ru [13， 44-50]. Recently direct syn血eses'Of CUH [22] and 

P田 [51]in hydr'Ogen charged DAC bey'Ond 10 GPa (H2) have 

been als'O reported.百l'Ose回 nsiti'Onmetals hydrides which direct 

Qualitative explanati'On 'Of the 'Observed behavi'Or ωn be given synthesis仕ommetal and gasω凶 H2requires 'Of “GPa-class" 

凶 ingsimple model ill山田町19changes in血eelectr'Onic structure high H2 pressure are c'Ollected in Table 1. H'Owever， tw'O hydrides 

出 sh'Ownin Fig. 6. Fig. 6a sh'Ows the electr'Onic struc加re'OfNi 'Or (CrH and N迂I)ωnbe prepared altematively by el即位ochemical

Ni all'Oyed with elements which ca凶 e'Only small changes in the method. on the 'Other hand， acc'Ording t'O '0町 kn'Owledge，
electr'Onic structure. During f'Ormati'On 'Of hy企idein血eseall'Oys， f'Ormati'On 'Ofhy企id白'OfW，Os 'Or Ir has never been reported. 

出eproωns locate in血einterlattice spaces 'Of由eNi while 孔1n-Hsys白mis unique， in partic叫ar.百lehcp MnHx， which is 

electr'Ons fill up出eemptys句協出thedbandσig.6b)j凶tlike in stable at ambient c'Onditi'Ons， was血e白司really“high p陀ss町e

Cu-出e回nsiti'Onmetal with c'Ompletely filled 3ιband. At血e hy企ide"ぉ'Othermethods 'Of its prepar加'On(凶cein出eωse'Of 

same time， the F ermi level m'Oves t'Ow;紅dshigher energies， N旧'OrCi町weren'Ot kn'Own. AIs'O， am'Ong hyl企ideslis也din

ferr'Omagnetism is l'Ost [28， 39] and the TEP approaches the value Table 1，恥回nsf'Ormati'Onfr'OmαMn (bcc phase wi出58孔h

characteristic 'Of Cu. aωms in a unit cell) inω hcp 'Or jec hy企ideis the m'Ost 

Ap戸arance'Of the VBS n回r出eFermi level in Ni all'Oyed wi吐1 c'Omplicated p~∞ess. It is interestingωn'Ote出atals'O the 

Cr， V'OrTiσig. 6c) drastically changes the TEP value but出is presence 'Of恥1ninR加1112(R = Y， Er， H'O， Dy， H'O， Gd) Laves 

change is cancelled with f'Ormati'On 'Of hy'合idewhen Fermi level phase all'Oys is re叩'Onsiblef'Or dramatic restructurizati'On 'Of the 

is shiftedωenぽgyhigher白血1仕1epositi'On 'Of VBS peak. p紅'entmetal lattices (C14 'Or C15 types) during the RMn2H5 

C'Onsequently the TEP valu岱 approach血eTEP 'Of N田 hydrides f'Ormati'On [56， 57].百日sbehavi'Or suggests existence 'Of 

independently 'Of the initial TEP value 'Of the p訂'entall'Oy. a very un凶ual，甲eCl日cintβ:racti'On between孔1nandHaω，ms.

Sirnilar mechanism Can explain als'O properties 'Of PdRu-H， During the expos町e'Of礼金1inωg出eo凶 H2at high p陀ss町e

PdRh・Hand PdIr-H systems [40] being c'Onsistent with the and high temperature c'Onditi'Ons， tw'O di宜erenthydrides can be 

“periodic effect" defined by Demangeat and Gautier [41]. 'Ob旬ined:

Cr or V content in出eiralloys with Ni [Ref 39]. 
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i) the hcp MnHx which w;出 S戸1出回包edby Krukowski and under press町eor at low tempera旬resa:fter阻kingsample out 

Baranowski [43].百1evolume of hcp MnHx calculated per Mn企omthe high pressure appara加s.It should be also noticed that 

atomrang出企om1.335 X 10-2 nm3ω 1.376 X 10之nm3whenx 血eamount ofhydrideωbe prepared is inversely propOltionalω 

increases from 0.65ω1.0. 血eprl回surerequired for吐1esynthesis. For instance， dimensions 

ii) the cubic 併'cmetal lattice) 1¥伯Hx，which was observed of samples compressed in DAC are of several microns only. For 

occasionally by Krukowski in血ehcp ph出eas an impuriザ thesere出ons，studies on hychides ofFe， Pt or Os，紅evaluable for 

Laおr，江wassynthes出das a single ph蹴 byFukai et al. [11] b出icresearch or for understanding processes阻kingplace in the 

and Fi1ipek et al. [58]. core of planets. However，社ishardωexpect出atthese “exotic" 

A weak fen'omagnetism in the hcp 1¥伯Hxh部 beenrepOlted by hychides would血1dany practical application. 

Belash et al. [59].官邸couldindicate presence of a small amount 

of hypothetical ferromagnetic jec Mn s加 C加repredicted Table 1. Hy，副知 oftransition meぬlssynthes包，edlmder high H2 

theoretically [60]. In this aspect， two questions would ap阿佐: pr'回sure.

1) Does a ferromagnetic 1¥企出xexist? 

2) Does ferromagnetic Mn predicted吐1eoreticallyexist? 

In order ωanswers these questions， one hcp (Sample 1) and 

two samples ofjec MnHx (Samples 2 and 3) with possibly large 

lattice parameters were prepared [53]. 

Sample 1; hcp Mn民84(α=0.2700 nm and c = 0.4378 nm). 

Sample 2; non-ma，伊etic;fccMnHO併(α=0.3827nm)

A白血gat increase of the lattice p訂ametぽ abovethe critical 

0.384 nm value， s戸1血esisof hy'命idewas perfOlmed in H2 

contaminated wi由 asmall amount of N2・ Productof白1S

S戸1血esiswas Sample 3;斥cl¥伽IL1.30No.08with lattice parameter a 
= 0.3856 nm which showed fen'omagnetic propelties suppo出ng

the theoretical prediction. 

Possibility of press町einduced phase transition has been 

checked by using DAC technique for hcp乱1nHo.84and for both 

fcc hydrides.羽田hcpstmc加reof MnHO.82 sample was stable up 

b 也e25 GPa press町elimit while jec MnHo.64 transformed 

I1Teversibly at 8 GPa into hcp modification. In spite of larger 

molar volume and smaller occupancy of interstitial sites than jec 

Mn民的theferromagnetic sample fcc MnHo.3剥0.08showed only 
con白lUOUSreduction of volume with pressure， without stmctural 

changes up to 25 GPa.百1eferromagnetism of血isjec ph出e

remained also a:fter annealing at 523 K in vacuum. These 

conditions were su伍cientfor removing interstitial atoms但and

N) but temperature was still too low fm・restruc加rizationof the 

me旬S旬bleferromagnetic fcc Mn (α= 0.385 nm; 0.13十ts/at孔金1).

However， without stabilizing effect ofH and N interstitial atoms 

也ejec Mn fi:amework has collapsed at 9 GPa of hydros旬.tic

press町e.However， in this case instead of the fcc→ hcp， we 

found回nsitioninto the酔Mn.

Hychide 

*Cr・H

*MI吐fO.65

*Mr出0.82

*MnHo.41 

*1¥心証foω

*MnHO.3No.ω 

FeHo.95 

FeHo.8 

FeD0.42 

CoH05 

CoH 
NiH 

C叶fo.4

MoH 

*TcH05 

TcHo.7 

RuHo.03 
問出

問証1

w 

ReH0.38 

Os 

h' 

PtH 

AuH0.43 

S飢lC旬reand
lattice constant [nm] 
hcp 
α= 0.2717， c = 0.4436 
hcp 
α= 0.2668， c = 0.4324 
十lCp
。=0.2692， c = 0.4362 
.斥c
。=0.3776
jとc
α=0.3827 

α=0.3856 
dhcp 
α=0.269，c=0.879 
hcp 
α= 0.2686， c = 0.4380 
hcp 
α= 0.2583， c = 0.4176 
hcp 
α= 0.2579， c = 0.4162 
fとc
jec 
α=0.373 
fα 
α=0.37 
hcp 
α=0.2937， c=0.4758 
Hcp 
。=0.2801，c=0.4454
hcp 
。=0.2838， c = 0.4465 
hcp 

jモc
。=0.4010
jモc
α=0.401 
Hydridesαre not jormed up 
ω9 GPa. 
hcp 
。=0.2801， c= O.制40
Hydridesαre notformed up 
to9GPa. 
NoYl)砂idesare 110t jormed 
upto9 GPa. 
hcp 
α= 0.2773， c = 0.4713 
Rhombohedral 

With血eexception ofMi証-Ix，CrH and TcHx， all other hydrides *Hydrides stable at ambient conditions 

given in Table 1 are unstable and rapidly decompose at ambient 

conditions. Therefore the廿propertiesmust be measured in situ 
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Fonnation conditions Ref. 

1.815 GPa(423 K) 42 

0.74 GPa (577 K) 43 

1.30 GPa (577 K) 43 

2 GPa (1073 K) 52 

1.2 GPa (800 K) 53 

1.0 GPa (600 K) 53 

3.5 GPa (298 K) 12 

6.7 GPa (523 K) 46 

9.2 GPa (623 K) 45 

6.5 GPa (500 K) 44 

7.0 GPa (623 K) 44 
0.62 GPa (298 K) 3 

14.4 GPa (298 K) 22 

3.5 GPa (400K) 47 

0.7 GPa (673 K) 48 

2.0 GPa (673 K) 48 

9.0 GPa (523 K) 49 
4.0 GPa (523 K) 13 

3.8 GPa (298 K) 21 

54 

10.2 GPa (298 K) 50 

54 

54 

27 GPa (298 K) 51 

2.8 GPa (625 K) 55 
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4. HYDRIDES OF LA VES PHASE ALLOYS [56，57，66同68].These kinds ofhy世ides，formed ind叩endently

of血e錨uctureof血ep征四talloy (C14 or C15) wぽenevぽ

Recently we sta巾dsystβmatic記担"Chofnovel‘もighpr，白sure" obtained directly企omLaves phぉe∞mpounds.It s閃ms血at
hydrides in alloys ∞nsid町吋ぉnon-hydrideforming materials presence of manganese isαucial for由eirformation. As in血e
as well鎚 inthose 訪問dyexplored at moderate hydrogen case of pureαMn also in RMn2 Laves phases血ピもighpressure" 

prl凶sure∞nditions. hy'世id白紙 formedwith vety radical restructurization of血e

Ac∞rding to 0町 ex戸ctations，the仕切tmentof Lav1回 phase αystalline lattice. Let凶 remind血athcp and fcc Mr剖xあ，rmed
alloys by high h)伽 genpressure resu1ted in syr曲目白ofnumb町 under high pressure are s阻bleat ambient ∞nditions. A1so the 
of novel hydrid回.Stuprisingly，血eyare often s泊blein ambient RMn2a， Fm-3m hydrides are very stabi1e. Theirはabi1ityis 
conditions in con回stωmostlyunstable hy，命id回 discussedin rela旬dωdifferenttype of bonding comp訂ingall 0血ぽLaves

血ep陀VIO凶 chaptぽ ph蹴 basedhydrides which are of the interstitial type. In∞n回st

百11"切 groupsof Laves phぉehyl企idesdis∞'Vered under highω出em，出eRMn2a， Fm-3mhy命idesgroup can be classifiedぉ
hydrogen pressure w出bebriefly characterized below. 

4.1 Hydrides formed with iso廿'Opicla柑aexpansion

ZrF~Rt and ZrCAH2Which form at 1∞℃企omparent C 15 

LaVI回 ph出ecompounds at 0.3 and 1 GPa但2)pressures 

r回pectively[61， 62] have expanded C15 lattice of p制 lt

compounds. ZrF~Rt is not e却ensiveand contains relatively 

high amount of hydrogen so it can be ∞，nside時d鎚 possible
hydrogen sωrage materia1. Its disadvantage is血atit can burn in 

contact with a廿butin inert atmosphere or after poisoning i飴

則市.ceit is託ableand can be stored long time without 

decomposition. 百leZrCU2H2 is unstable and in ambient 

conditions it decompos回w1血ina few hours. Hydrides of 

∞mplex hydrides in which one Mn aωm， located at 4a site is 
surrounded by s氏Hatoms forming a complex anion， 

Cubic{Fd3m) 

ZrFe1H. ErFeps 

pseudobin的 Zr(FexC01-xhcompounds are formed in whole ZrCoZHl YFe1Ds 

composition range and血e''x'' value controls s也bi1ityand other Figure 7.α1aI1g'回 ofstruc削reduring formation of high pressure 

proper世回ofhydrid岱 ofthesepseudobinary alloys [63]. hyl企i似合omLavespha田 compounds.

4.2 Hydrides formed with anisotropic la柑ωexpansion Table 2. Laves ph紙切edhy'副知明白田izedunder high hydrogen 

The C15 cubic YF~， ErF~ and HoF~ at low or mod町総 pressure. 

prl回sur回 ωnform hydrides t中旬 about4.2 Hlf.u. Below血is

∞ncen回世onseveral hydrides with di島rentαy御 1struc加問伺n
ap戸訂withexpansion ofαys旬出nela出∞proportionalω 血e

hydrogen∞n蜘t.
Athighp問ssurenear 1.0 GPa但2)and 1∞。CtheRF~侭=Y，

Er， Ho) Laves phase compounds change in'ωnon magnetic 

isostructural ortho血ombichydrides such 出 YF~H5， ErF~H5 

and HoF~H5 [63-65]. 官邸ehy'企ides訂'estable and ωnbe 

stored long time at li∞m白mperature.

4.3 Hydrides formed with radical restructurization of the 

me泊llicla悩a

「で?ででてHyl出de

ホZrF~~

~ご匂H2

*YF~H5 

*ErF~H5 

*HoF~H5 

*YMn2H& 
ホErMn2~

*DyMn2~ 

*Ho恥1n2~

ホG品旬2}-も

Struc似陀and La組問問rameters Ref. 
volume ef%却]釘)1Sion [run] 

(L1V/Vo 

Cubic， Fd-3m (22.8) α=0.7637 61，62 
Cubic， Fd-3m (14.0) 。=0.7267 61，62 
Orthorhombic， Pmn21 。=0.54369(1) 63 -65 
(28.9) b=0.58499(I) 

c = 0.80822(2) 
Orthorhombic， Pmn21 。=0.54242( 1) 63 -65 
(30 め b =0.57933(1) 

c =0.8αゅI(り
Orthorhombic， Pmn21 。=0.54161(3) 63 
(28.9) b = 0.57855(3) 

c =0.8∞州5)
Cubic， Fm-3m (33.3 。=0.67的0(2) 56，68 
CubにFm-3m付2∞り 。=0.66797(2) 63，“ 
Cubic ，Fm-3m (38.98ワ 。=0.67172(2) 57，63 
Cubic， Fm-3m (38.77ワ 。=0.668α)(2) 57，67 
Cubic， Fm-3m qヲ型型但) 57，63 

A veryur叫legroup， found only for R陥 2intermetallics (R = 

Y， Gd， Dy， Ho， Er) are isostructural Fm・3mRMn2民hydrides
*Hydrid回 stableat ambient ∞nditions. a Calculated with問就tωC15

parent; b calc叫a則明白郎防tto C14 parent. 
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whi1e the second Mn occupies 8c sitβstatistically toge血erwi血 10.K. Wakamori， S.M. Filipek and A. Sawaoka， Rev. Sci. 

an R atom. 百1feegroups of Laves ph出ebased hydrides訂e 1ns的1m.，54 (10) 1410-1411 (1983). 

listed in the Table 2. 11. Y. Fukai et al.， Z Phys. Chemie Mωe Forge， 163， 479 

(1989). 

5. CONCLUSIONS 12. M. Yam北a民T.Yagi， W. Utsumi and Y. F此ai，Proc..ft.中仰

Acα'd，68B， 172 (1992). 

Application of high hydrogen p悶:ssurefor s旬di田 ofhydrogen 13. V.E. Antonov， J Alloys Comp.， 330-332， 110-116 (2002). 

-metal systems resu1ted in s戸油田町ofnumber of novel hydrides 14. A. Jay征aman，Rev. Mod Phys.， 55， 65-108 (1983). 

and unders旬ndingofintβ:raction between hydrogen and metals. 15. H.K. Mao and R.J. Hem1ey， Science， 244， 1462 (1989). 

Inspitβof preparation under very high pressures， several hy，命ides， 16. M. Tkacz， PolishJ Chem.， 69，1205 (1995). 

surprisingly， are stableぽ V田ystable at ambient conditions. It 17. R.J. Hem1ey and H.K. Mao， p，匂Js.R飢えLett.， 63， 1393・1395

seems血at，血 spiぉofvery intensive research continued企om (1989). 

early 1970s， the exploration of由isfield can sti11 bring discoveries 18. M. Han:fland， R.J. Hem1ey and H.K. Mao， Phys. Rev. Lett.， 70， 

of further novel hy世id回 andunexpected， s凹prisingphenom白1a. 3760-3763 (1993). 

19. R.J. Hem1ey， Z.G. S∞s， M. Han:fland and H.K. Mao， Na仰向
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supervisぽ ofS.M.Filipek during his research at Tokyo Institu白 421-424(1991). 

of Technology as participant of the Post Gradua匂 U出versity 21. M. Tkacz，J Chem. Phys.， 108 (5)， 2084回2087(1998). 
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