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The technique for the synthesis of hydrides at hydrogen
pressures up to 90 kbar at temperatures up to 800°C

The hydrogenation is carried out in copper capsules with the outer diameter of 8.5 mm using quasihydrostatic
Toroid-type high-pressure chambers. A platelet of the sample is placed inside a 1 mm layer of hexagonal BN.
The space remaining in the capsule is filled with AlH; or NH;BH;, and the capsule is tightly plugged with a
copper lid.

NH3BH; Cu capsule

\ / The assembled capsule is compressed to 1—

Sample 1.5 GPa and heated to 250-300°C for 10
min to decompose the AIH; or NH3;BH,
serving as an internal hydrogen source. The
hydrogen evolved from the irreversibly

Cu plug decomposed hydride reacts with the sample

S~ after permeating through the h-BN layer,

which isolates the sample from the

chemically active Al or whatever is formed at

NH3BH3/ the intermediate stages of decomposition of

mica thermocouple

After the hydrogenation of the sample is completed, the high-pressure chamber is cooled to T = 0 C in
about 20 seconds and then further cooled down to —180°C = 93 K in about 15 min that required of the order
of 50 litres of liquid nitrogen. The pressure is released at this temperature, the capsule is taken out of the
chamber and put into liquid nitrogen and the sample is recovered from the capsule and, then not in use,
stored in liquid nitrogen to prevent possible hydrogen losses.
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Cxema BHYTPEHHEIO yCTPOMCTBa  KaMephl
BBICOKOT'O IABJIEHHS ¢ HUXPOMOBOM MEYKOM.

1 - TOoKOBBOL M3 HMXpoma, 2 -—
KaTNMMHUTOBbLIN  AUCK, 3 —  MedHble
npoknagku, 4 — HUXPOMOBbLIN HarpesaTersb,
5 — KaTNNMHUTOBLIN AUCK, 6 — TepmMmonapa, 7 —
MedHas syenka B cnwoge, 8 — pabodvee
NPOCTPaHCTBO, 9 - KaTIMMHUTOBbLIN
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1 — onopHbie NAUTLI rMapasnuyeckoro npecca 4O
137A ycunmem 500 TC, 2 - TEKCTONMUTOBLIN
TennousonaTop, 3 - 9NeKTpoBBOA (ABa MeOHbIX
Ancka ¢ nepemblykon), 4 - ctanbHaa nogknagHas
nnuTta, 5 - Kopnyc BaHHbI ONSA 3aNIMBKU XUOKOIMo
asoTa, 6 — TBepgocnnaBHada nogknagHas nnuta, 7
- Kamepa BbICOKOro gaeneHunsa tuna «Topouay, 8 —
Kepamuyeckas n3ondaums TepMonapHbIX
npoBOAOB, 9 — KaTUHUTOBLIM KOHTEMHEP C
MeLHOW SYenKon ONnsA Kancynsauum sogopoaa.



Monohydrides

of d-metals
of groups VI-VIII



X ray cross section

H D C O
Inelastic neutron scattering is a preferred Oé
method to study the dynamics of hydrogen - . O O

containing materials owing to the extraordinarily

large scattering cross-section of hydrogen .

There are no selection rules in the INS method and all modes are equally active. Under
rather realistic simplifying assumptions, the one-phonon scattering contribution can be
derived from the INS spectrum of a powder sample and further converted to the phonon
density of states, g(E), where E is the phonon energy. The “experimental” g(E) spectra thus
obtained can directly be compared with results of computer calculations and are
traditionally used to establish the main features of vibrational spectra of the studied
hydrides, such as the peaks positions, cut-offs of the vibrational bands, etc. The g(E)
spectrum can also be used to calculate the contribution from lattice vibrations to the heat
capacity C,(T) at constant volume.

Neutron cross section
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S(Q,w), arb. units
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INS spectra of powder samples of hcp e-CrH
and fcc y-CrH measured at 5 K with the IN1-
BeF spectrometer at ILL, Grenoble [V.E.
Antonov et al., J. Alloys Comp. 430 (2007)
22].

The INS intensity is roughly proportional to
(Q-e)?", where Q is the momentum transfer
and e is the polarisation of the n hydrogen
vibrations created by the scattered neutron.
No selection rules!

The dashed lines represent the multiphonon
contributions calculated in an isotropic
harmonic approximation using an iterative
technique [A.l. Kolesnikov et al., Physica B
174 (1991) 257]. The intensity of the one-
phonon scattering IS approximately
proportional to the phonon density of states.
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INS spectra of fcc (y), hcp (¢) and dhcp (&)
monohydrides of 3d- and 4d-metals. The samples
were prepared at ISSP RAS. The spectrum of y-PdH
was measured at 25 K with the TFXA spectrometer at
ISIS, UK; other spectra at 2 to 15 K with the IN1-BeF

spectrometer at ILL.
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The energy ha, of the main optical hydrogen peak
vs. the shortest hydrogen-metal distance R for
various dihydrides with a fluorite-type structure
(black crosses) [D.K. Ross et al., Z. Phys. Chem.
N.F. 114 (1979) 221] and for monohydrides of
3d-metals and 4d-metals with octahedral
coordination of hydrogen. The dashed curve is a
least-squares fit to the data for the dihydrides.

The independence of the hw, values upon the crystal structure suggests that the position of
the main optical peak in the monohydrides is solely determined by H interaction with the
nearest metal atoms, because the arrangements of atoms in farther coordination spheres of
fcc and hcp hydrides are significantly different.

The steep increase in the hwy(R) with increasing R indicates a significant increase in the
hydrogen-metal interaction in the series of the 3d-metals Ni—Co—Fe—Mn—Cr and also of
the 4d-metals Pd—Rh—Mo. The strengthening of the H-Me interaction on going from right
to left in the periodic table can be attributed to a less efficient screening of the ionic core
charges by the decreasing number of valence electrons. For theory, see [C. Elsasser et al.,
J. Phys.: Condens. Matter 10 (1998) 5131].



WTak, Halld WCCIICIOBAHUS CTEXHOMETpHUYeCKHUX MoHOTHaApuaoB (MeH)
METOJIOM Heymnpyroro paccesHuss HeiTpoHoB (HPH) npanum Bnonne
pa3yMHbI€ U OOBSICHUMBIEC CIIEKTPhl ONTHYCCKUX KOJICOaHUM, COCTOSIIME
13 MHTEHCHUBHOTO IHMKa C IIHPOKHUM IIJIECUOM B CTOPOHY 00Ji€€ BBICOKHX
sHepruii. Ha OCHOBaHMH HMEIOIIUXCS MEPBONPUHIMIIHBIX PAacCUuETOB
OCHOBHOM TMHMK, B  OCHOBHOM, MOXHO  IIpUOucaTh  MOYTH
0€3MCIIEPCUOHHBIM MONEPEYHbIM ONTUYECKUM MOJaM, TOIJIa KakK IJIeUO
00yCJIOBJICHO MPOJOJILHBIMU ONTUYECKUMH MOJAMH CO 3HAYUTEJIbHOMN
IUACIIEPCUEH.

[MepBoe xe HPH mnccneposanue tBepgoro MY pactBopa Re-H ¢ H/Re =
0.09 [V.E. Antonov et al., Phys. Rev. B 64 (2001) 184302] npueno K
HeOXVaaHHOMY pe3ynbrarTy.



Solid interstitial solutions
Re-H



A 5.4 g ReH,,, powder sample and a 0.79 g single-crystalline ReH,,, sample were
prepared by a 24 h exposure of rhenium to an H, pressure of 6 GPa at 325°C and
subsequent cooling to 150 K in the high-pressure cell. The samples were studied by INS at
5 and 90 K with the IN1-BeF neutron spectrometer at ILL.

ReHo.09 = /\
_ ) A i 90 K
| 7’=5K E| /\ \
? O ’é\ | @] /
= \ Si / Pl
g [ C E’_; | ; \
¥el / \ /-\j‘ \\,
5 0 bossmass’ A Vorses
— 75 100 125 150
—_
S gll=ils g 2g 8 g @meV]
Q"‘] -~ -~ ~— ~— N N N o~
— - ‘|'.
“n Lo AT |
N P A
A ~ I 'l K\\ /": ‘}\ .
=g £ / 1) o \ ! " L
] II \ - " . l‘ 4 / \\ -—:J “ o} , \‘ . ,-""\’!J \\
P -l | e /:" \Uﬁ;{ 7 \ ,\ Yy ;"‘(” )
O [ has | WA T ! T
50 100 150 200 250 300 350
@ [meV]

The dynamical structure factor S(Q,w) of ReH, ,, powder at 5 K as a function of the energy loss  of
the inelastically scattered neutrons. The dashed blue line represents the multiphonon contribution
calculated in an isotropic harmonic approximation. The inset shows the “one-phonon” spectra of
ReH, ,, powder at 5 and 90 K obtained by subtracting the calculated multiphonon contributions from
the experimental INS spectra.



The first optial band consists of a peak at @, = 100 meV and another peak at @, = 130 meV with a
shoulder around o, = 117 meV. Combinations of these three energies can account for the positions of
the peaks observed at higher energy transfers. Particularly, the peak at 236 meV and the small peak at

respectively.

S(O,w) [arb. units]
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The mixed-type excitation at 236 meV = @, + w, evidences that the peaks at o, = 100 meV and o, =
130 meV in the fundamental optical hydrogen band are due to neutron scattering from hydrogen atoms
occupying crystallographically equivalent positions. If these peaks were due to neutron scattering from
hydrogen atoms on inequivalent sites characterized by the excitation energies @, and @,, the second H
optical band would exhibit only two peaks at around 2@, =200 meV and 2w, = 260 meV.



The conclusion about the site occupancy in ReH, ,, is valid for T = 5 K as well as for T = 90 K,
because the INS spectra measured at these two temperatures nearly coincide. It also agrees with the
result of a neutron diffraction investigation [S. Sh. Shilstein et al., Z. Phys. Chem. N. F. 146 (1985)
129] that at 90 K hydrogen occupies only octahedral interstices in the hcp metal lattice of ReH, ,.
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In the “one-phonon” spectrum (inset), the ratio of the integrated intensities of the first and the second
fundamental peak taken together with its low-energy shoulder is about 1:1.65. When the “one-phonon”
spectrum is transformed to the density of vibrational states by correcting for the Debye-Waller factor
with <u?>=0.019 A2, this intensity ratio becomes 1:2.15 = 1:2 = The 100 meV local vibrational mode
is polarized along the c-axis and the two 130 meV degenerate modes are polarized in the basal plane?



The ReH, ,, single-crystal was mounted in the cryostat with its crystallographic a-axis directed
vertically. The crystal was first measured with the c-axis parallel to the vector Q of neutron
momentum transfer (upper panel). Then the sample was rotated by an angle of 63° about the a-axis
and measured again (bottom panel). The red lines represent the INS spectrum of ReH, ,, powder at
5 K shown in the previous slides.

I i T T T T I

()

0 || c-axis

T

r=sk ReH0.09

z | |

= !

C (

>

o X/

- Gt UK

S, 0=

—_— |

S \.

e N Q at 63° to c-axis

S

0p]
o M~ o D o0 O e}
o — [sp] D ~— o
— — ~— - N N

Ny I

o
Y e A

0 &4 > i
100 150 200 250

The intensity of one-phonon neutron scattering from
hydrogen in a single crystal is proportional to the
product (Qe,,)?, where e, is the polarization vector of
the excited vibrational mode of hydrogen.

When the c-axis is parallel to Q, the integrated
intensity of both the fundamental optical peak at w, =
130 meV and of its low-energy shoulder are smaller by
orders of magnitude than in the case of the powder
sample = the corresponding optical H modes are
predominantly polarized in the basal plane,
perpendicular to the c-axis.

The intensity of the peak at @, = 100 meV decreases
drastically compared to the powder case when the
angle between Q and the c-axis of the single crystal
increases from 0° to 63° = the 100 meV optical
modes are predominantly polarized along the c-axis.



While the occurrence of a splitting of the fundamental H optical band in ReH, o,
IS In accordance with the crystal symmetry of the Re-H solid solutions, the large
magnitude of the effect is difficult to explain.
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The problem is that the axial ratio of the hcp rhenium
lattice in these solutions is close to the ideal value of
c/a =-/8/3 ~1.633, so that the hydrogen atoms occupy
octahedral interstices with nearly cubic local
symmetry, which are formed by six rhenium atoms
sitting at apexes of nearly ideal
octahedrons. In the case of cubic site symmetry, the
peak of hydrogen local vibrations should be 3-fold
degenerate. In a dynamical model assuming only
harmonic longitudinal forces acting along the lines
connecting one hydrogen atom with the six nearest
rhenium atoms, the experimentally observed ratio
o,/ o, = 100/130 for excitations along the c-axis and
perpendicular to it requires c/a = (o/®,) = 1.256. In
the Re-H solid solutions, however, the axial ratio
varies only from c/a=1.615at x = 0 to c/a ~ 1.591 at x
=0.22.



Intensity [counts]

To examine ReH,,, for a possible hydrogen superstructure or large random displacements of
hydrogen atoms from the centers of octahedral sites—two potential reasons for the observed splitting
of the fundamental optical band—the powder sample was studied by neutron diffraction at 90 K
using the D1B diffractometer at ILL. Despite the low hydrogen concentration in the sample and the
large coherent neutron scattering cross-section of rhenium (10.6 barn) compared to that of hydrogen
(1.76 barn), the analysis of the neutron diffraction spectrum shows with certainty that hydrogen in
ReH, ,, randomly occupies octahedral sites.

] - . . . - T In fact, with the expected profile

factor R, = 3.57%, a model with no
9000 T=90K 2=1286A ReH o 1 nhydrogen gives a profile factor R, =
4.04%, while a model with hydrogen
randomly distributed over octahedral
00| O 0 1 0 0100 0 O 0111 100 . . .
6000 |- 1001 1 11220 21 2221 202 7 sites gives R = 3.72% and yields an
F optimum H/Re atomic ratio of x., =
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o , diference, oot | 0iVeS Ry = 4.95%, and the solution
| converges to x;, = 0 and R, = 4.04%
c difference, tetra-H ) P
%Wwvwﬂw if the hydrogen content is allowed to
20 20 50 80 100 vary as a fitting parameter.
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Intensity [counts]

The neutron diffraction data also appeared sufficient for the conclusion that along
the c-axis, the hydrogen atoms are not subject to significant displacements, Az,
from the centers of the octahedral sites.

] - . - . - T In this case, the integral factor R' was

most sensitive and it varied from
9000 |- T=90K 3=1.286 A ReH o 1 2.03% for Az = 0 to 2.80% for Az =
0.24 A, and to 3.83% for Az =
0.36 A. Thus, like ReH,, studied
00| O 0 1 0 0100 0 O 0111 100 . 4
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The increase in the hydrogen content of the Re-H solution from x = 0.09 to x = 0.2
results in a slight softening of its optical vibrational spectrum (presumably, due to the
lattice expansion caused by the dissolved hydrogen). The splitting of the fundamental
modes remains virtually unchanged as the peaks for vibrations polarised along the c-
and a-axis, respectively, are located at 99.3 and 129.5 meV in ReH, , instead of 100
and 130 meV in ReH, .



We could only find one structural feature that distinguishes hydrogen solutions in
rhenium from the solutions in other group VI-VIII transition metals. This is its
highly anisotropic volume expansion with increasing hydrogen concentration.

18837171

The significant decrease in the c/a ratio of Re-

162 H solutions with increasing hydrogen

S 161 L concentration agrees qualitatively with the
Q higher energy of optical H vibrations in the
1.60 - basal plane than along the c-axis, as found in
159 ) the INS experiment. In fact, the higher

vibrational energy indicates stronger H-Re
interactions in the basal plane, and, being
repulsive, those should lead to a larger relative
increase in the a-parameter on hydrogenation.

AN\
AYAY

The c/a ratio of pure Re metal at room
temperature is virtually independent of
pressure up to 216 GPa, though the unit cell
- volume of the metal decreases by as much as
26.6% [Y. K. Vohra et al., Phys. Rev. B 36
(1987) 9790]. This suggests nearly isotropic
- Re-Re interactions in Re without hydrogen.




Solid interstitial solutions
Ru-H



Ruthenium is an hcp 4d-metal of group VIII and it is located at the centre of the block of group VI-
VIII 3d- and 4d-metals that form hydrides with close-packed metal lattices, in which hydrogen
occupies octahedral interstitial positions. Powder and single-crystalline samples of solid hydrogen
and deuterium solutions in hcp ruthenium with x =~ 0.03 were synthesized at 9 GPa and 325°C and
studied at ambient pressure and T = 95 K by neutron diffraction using the high-luminosity D20
diffractometer (ILL) and by INS at T =5 K using the IN1-BeF neutron spectrometer (also at ILL).
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The powder RuH, ,; and RuD, o; samples weighed 1.4 g each. The neutron cross-section is negative
for H atoms and positive for D atoms. The difference delta H-D (see the left figure) between the
patterns of the Ru-H and Ru-D samples therefore doubles the changes introduced by the H and D
atoms in the intensity of neutron scattering from the Ru lattice. As seen from the equations presented
on the next slide, one can decide between the octahedral and tetrahedral coordination of hydrogen in
the hcp structure of Ru in favour of the octahedral model on a qualitative level by analysing the signs
of peaks in the delta H-D difference spectrum.



X H BH 7BRM Td . Ru
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A Rietveld profile analysis of the ND patterns gives X, = 2.3+0.4 at. % and Xy = 1.9 +0.4 at. % for the
studied powder Ru-H and Ru-D samples using the octahedral model. The ratio of c/a = 1.5815 was
virtually the same for both samples and coincided with that of pure Ru metal.

Any significant displacement of the H or D atom from the centre of the octahedral site worsened the
structure refinement. The examined Ru-H sample could therefore be considered as a disordered solid
solution of hydrogen randomly occupying positions at the centres of octahedral interstices in the hcp
metal lattice.



Two RuH, 43 samples have been studied by INS at 5 K using the IN1-BeF spectrometer at
ILL. One of them was the same 1.4 g powder sample that had been examined by neutron
diffraction and another one was a single-crystalline sample weighing 4.53 g and made of 3
discs 8.4 mm in diameter and 2.4 mm thick.

RuHO.O?) The investigation of the powder sample
showed that the fundamental band of H
optical vibrations in RuH, 4, is split into two
well-resolved peaks. The peaks are centred
at 114 and 126 meV and have approximately
equal intensities.

3+
IN1-BeF

N

One peak can be attributed to a non-
degenerate vibrational mode of hydrogen
atoms polarized along the c-axis. Another
peak will then result from two degenerate
, modes polarized perpendicular to this axis,
ReH l.e., in the hexagonal basal plane. The
44 intensity ratio of these peaks should
‘ therefore be 1:2.
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To determine the polarization of these fundamental peaks, we studied the single-
crystalline RuH, ;3 sample. The sample was mounted in the cryostat with its a-axis aligned
vertically and measured in different orientations adjusted by rotation about the a-axis. The
experiment showed that the peak at 115 meV arises from H vibrations along the c-axis and

the peak at 127 meV from H vibrations in the basal plane.



The optical H vibrations
polarised along the c-axis in
RuH,,; demonstrated a nearly
harmonic behaviour and gave
narrow peaks of the first, second
and third harmonics at 115, 226,
332 meV. The peaks resulting
from H vibrations in the basal
plane were centred at 127, 257,
375 meV and the higher two of
them were significantly smeared.

Counts, arb. units

IN1-BeF RuH .
T=5K

single crystal
m=453¢

=0 — 115
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In a dynamical model assuming only harmonic longitudinal forces acting along the lines
connecting one H atom with the six nearest Ru atoms, the experimentally observed ratio
E,/E, = 115/127 for excitations along the c-axis and perpendicular to it requires c/a =
(E,/E,)-(c/a);y = 1.48. The RuH, o, solid solution, however, has a much larger axial ratio of
1.5815. The intensity ratio of these peaks cannot be explained ether because the
fundamental optical band composed of two peaks with equal intensities is incompatible
with any reasonable symmetry of the potential well for independent 3-dimehsional

oscillators.



Solid interstitial solutions
Pd-Au-H



HenocpeactBeHHoe u3yyeHne pasbaBneHHbIX pacTBOpPOB Bogopoda B nannagim (a-
das3bl) HPH metogamun TpygHoocyuwectsmMmo. pu KOMHaTHOW Temnepatype 6onblioe U
TPYyOHO paccyYuTbiBAaeMOe nMfieyo cnpaBa oOT  yHOAMEHTaANbHOro nuka gaet
MHOroOHOHHOE paccesiHue. [1pu MOHMXKEHUN TeMnepaTypbl SKCNOHEHUManbHO nagaet
MakcumarbHas KOHUEHTpauus Bogopoda wu Bbigensetcd rugpug PdH,, — no4vtn Becb
BOOOPOA OKasbiBaeTcd B aToM rugpuge, 1 HPH cnektp ot pactBopa TOHET B CrekTpe oT

rmopuaa.

PacTBopbl Pd-Au-H moaeaupyror caadblii pacteop Pd-H

[MpobnemMy oka3anocb BO3MOXHbIM peLnTb, n3ydns metogom HPH pacteopbl Pd-Au-H.
Kputuyeckass temnepartypa paccrnoeHus TBepAblx pacTtBopoB Pd-Au-H Ha nepBuYHbIN
pacTBop U rmapua ObICTPO NOHMXKAETCA C POCTOM KOHLUEHTpaunKn 30510Ta, a MakcumMmarbHas
pacTBOPMMOCTb BOAOPOAA B NEPBMYHOM pacTBOpE Npu KaXKaon BblbpaHHOW Temnepartype,
COOTBETCTBEHHO, pacTeT.

B Takux pactBopax npum HEBbLICOKMX KOHUEHTpaAUMAX BOAOpOA 3aHMMAET TOJIbKO
MEeXO0Y3Ind, B OKPYXEHUN KOTOPbIX HET aToOMOB 30J10Ta [1] Takue MeXoy3nA
6ecr|opﬂ,u,quo pacnpegeneHbol no o6bemy MeTalna, 4YTo AONOJIHUTENMIbHO MNPenATCTBYET
Knacrtepun3aumnmn Bogopoda, TeéM CaMbiM MO3BOJIAA CHUTATb B3anMoOencTeme BOAOpPOA-
BOAOPOO B peLUETKE MallblM.

[1] M. Baier et al. Z. Physik. Chem. N. F. 179 (1993) 309.
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HPH cnekTpbl kKak pasbaBneHHbIX, TaKk N KOHLEHTPUPOBAHHbLIX pPacTBOPOB BOAOpPOAA
(rmgpunooB) B UK cnnaBax Pd-Au ¢ 20 at.% Au, u3y4YeHHble paHee Ha HEWTPOHHOM
cnektpomeTtpe IN1-BeF (ILL, PpaHumsa) npu 5 K, npooemMoHCTpuMpoBanun Hanuyue
MHTEHCMBHOIO nsieya y oyHAaMeHTanbHOro nmMka co CTOPOHbI BbICOKUX 3HEPTNN

(cnektp PdH, BbIOpaHHbIN ONa cpaBHeEHUS, Obin NnpoMmepeH Ha cnekTpomeTtpe TFXA (ISIS,
UK) npun 25 K [D.K. Ross, V.E. Antonov et al., Phys. Rev. B 58 (1998) 2591)]).



intensity, arb. units
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UTobbl OTOENUTb NUK OT Nfleda Ha BCEX M3YYeHHbIX CrekTpax, fNeBbl CKMNOH nuka Obin
3epKanbHO OTpa)eH OTHOCUTENbHO BepTUKaNIbHOM OCU, NPOXOASLLEN Yepes ero MakCuMyM.
[TONyYEeHHbIN Y3KUA CUMMETPUYHBLIA MUK Obln 3ateM BblMTEH M3 cnektpa G(w), a
OCTaBLUYHOCA MHTEHCUBHOCTb Mbl NpunmMcanu nrevy (CM. neBbi PUCYHOK).



A Bogoopoa, v 3onoto yBenuymsatoT napametp LUK pewwetkn nannagua. lNapameTpsol
cnekTpa 6eckoHe4yHO pa3baBneHHOro pactBopa BogopoAda B nannaanun Mbl OLEHUNN,
noctpomB rpaduK CBOWCTB CMEKTpPoOB AN 6 obpasyoB € pasnuyHbiMuU
KOHUEeHTpauussmm H n Au Kak yHKuuio ygenbHoro obbema Ha aToMm MeTanna.
QKcTpanonauma Ha obbem nannagus 6e3 Bogopoaa Aana Ans nonoXeHmsa OCHOBHOIO
nuka aHepruo 69 maB.

U cpefHAA4 YaCcTtoTa, B [MOJIOXKeHue nnka, B8 nredyo

) 1 ' 1 ' 1 ' 1 ' 1
110 F §E ® PdH[5],PdH ,, = Pd Au H . -
F_J : * Pdo.94Auo.06Ho.96 = Pd Au H .,
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Ecnn He cumutatb BbinasLwien ToYKM And pacteopa PdjgAug,Hgoe TO OTHOCUTENBbHAS
WHTEHCUBHOCTb Mne4ya ONTUYECKOro nuka npakTu4eckn He 3aBUCUT HU OT coAepXaHus
3onoTta B cnrasax, HU OT KOHUeHTpauun sogopoaa. CriegosarternbHO, NpUbnNU3nTernbHO
Takoe nfeyo [ormkeH MMeTb M nuk B cnektpe G(w) 6GeckoHeyHOo pas3baBneHHoro
pactBopa Pd-H.

1.0 - I - I ' T
g; ® PdH [5]’ I:)dH0.63 = Pdo.sAuo.zHo.og
E i * Pd0.94Au0.06H0.96 = Pd0_8AuO.2HO.03
0.8 g; 1
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g &
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0.2 = 1
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Vv, A’latom meTtanna



G(E) (arb. units)

Takum o6paszom, HPH wuccnenoBanue TtBepnapix I'IIK pacTBopoB
Pd0.8AuO.2HX MMOKAa3aJI0, YTO IPU YMEHBIICHUM KOHIICHTPAIMM BOAOPOAA
BILUIOTH 70 X = 0.03 mmpuHa onTHYeCKoi 30HBI OCTAETCSI MPUMEPHO TOM
K€, YTO M Y KOHIICHTPHUPOBAHHBIX pACTBOPOB (THAPUIOB), M HE
CTSTUBACTCA B Y3KHI MUK JIOKAJILHOW MOJIbl KoJie0aHuii mpumecu H, vero
CJIE0Ba0 OBl OKMJATh, UCXOJS M3 KyOHMYECKOM CUMMETpUH mo3uuuu H
B PEIIETKE.

: Pd_ Au_ H

0.2 0.03

CneKkTp onTU4Yecknx konedaHmn
pacTeopa Pdj gAug ;Hg o3 ©
MWHMManNbHOWN KOHLEHTpauunen
BOOOPOAA Mbl B3NN B KA4YeCTBe
cnekTpa 6eCKoOHEeYHO
pasbaBneHHoro pacteopa Pd-H.

) momend 1 ] ] 1

0 2 40 60 80 100 120 140
Energy transfer (meV)




G(E) (arb. units)

PeanbHOCTb Hannuus 60MnbLlIOro nreya y oyHOoaMeHTanbHOro onTUYEeCcKoro nuka B
beckoHeyHO pasbaBrieHHbIX pacTtBopax Pd-H mor 6bl nokasaTb ycnex B OnMcaHuu
N30TONMYECKOro apdekTa B paCTBOPMMOCTM BOAOPOAA.

YacToTbl nukoB KorebaHuin npumecHbix atomoB H v D B nannaguu, U3MepeHHble
NpPsIMbIM METO4O0M Heyrnpyroro paccesiHma HeutpoHos (HPH), okaszanucb MHOro Huxe,
4YyeM 3TO crnegosarno M3 H60MbLIOro YMucna U3MepeHnun n3otonudeckoro adpdekta B
pacTBopMocTn Bogopoaa. OBbsCHUTL 3TO pacxoxaeHwe He yaaBarnocb bonee 40
net. Ero npnunHon 6bin 06bsBNEH CUMbHbLIM aHrAPMOHM3M ONTUYECKUX KonebaHun
BOogOpOAa B Nannaguu.

i Pdo.aAuo.zHo.oa
Hannuune nneya ysennymsaet
i i CpeOHEB3BELLEHHYI 4YacToTy
onTU4ecKkux konedaHum Bogopoaa.
S — S — | | | |
0 2 40 60 80 100 120 140

Energy transfer (meV)



YcnoBuem paBHOBECUSI MeXY ra3o0bpasHbIM BOAOPOAOM M TBEPAbIM PacTBOPOM

[Ona monsa naeansHoro rasa cnpasegnueo: G, (T,P)=G, (T,R)+RT Iog{

[1na 6ec
BOAOPOL:
pacTBOpE

2
Onsa koHcTaHTbl paBHoBecua K = =?(1—X) nony4yaem BblpaXkeHue:

'A-kvl aisinfialfa

G, =2G,(P,T,x)
F
F
KOHeYHO pasbaBneHHoro pacTteBopa, Korga B3avMOOEWCTBME MEX)

3 B pelleTke nannagus npeHebpexmmo mano, B npubnmkeHun
} MOXXHO 3anucaTb:

GZ(T,P)=G, (T )+RT Iog[&}

[H,] P

|

ny atomMammu
naearnbHoro

o¥ | U

OTO Tak HasblBaeMblll 3akoH CuBeptca — OBHapyXeH 3JKCrnepumMeHTanbHO B Hadarne

MPOLLSIOro

BEKa.
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meeTca OOBOMbHO MHOrO paboT € aKCcnepuMeHTarbHbIMU AAaHHBIMWU MO
PacTBOPMMOCTM M30TOMOB BoAopoda B nannaguv. [ocTynHble AaHHble
cobpaHbl Ha PUCYHKeE.



[ns ABYX pPa3JIM4HbIX M30TOMOB MOXHO MOJTY4YUTb Bblpa>KeHne (Ha npumepe D, H)Z

(GZ -GX)/RT :%Iog[KD/KH]+(GD2 ~G,,,)/2RT

P —

D-H
Drexel 1976

AGIRT

D-H Lasser 1986
T-D Lasser 1986
D-H Clewey 1973
T-D Schmidt 1978

1
iLN
T

> > @ O

1000/T (K

Drexel et al. [J. Chem. Solids 37 (1976) 1135],
nccneposaB TBepable pacTteopbl Pd-H n Pd-D

metogoMm HPH, oGHapyxunn nukn npu
oHeprusx 68+2 meV u 484 meV
COOTBETCTBEHHO. [lMKM Oblin  OTHECEHbI K

yactotam QUHLUTEenHa.

3asucumoctb AG/RT, paccuntaHHas B
3NHLUITEMHOBCKOW MOAEeNnun, nokasaHa Ha
PUCYHKE CMJSIOLHON NUHNEN.

Habniopaetca HeCooTBETCTBME MOOEnNu
SKCMEPUMEHTY.

[nsa nogroHkn TpebyoTcst HenpnemMmnemo
OonbLIMe 3NHLITENHOBCKME YacToThl nopsiaka 80
M3B, 3HauUNTENBHO BbIXOAALUME 3a Npeaens.l
BO3MOXXHOM OLLINOKM B aHeprun B pabote Drexel
et al.



UTOoObl Kak-TO onncaTb 3KCNEPUMEHT, NOTEHUManbHy aMy Ana BoAOpOAa CTanu cyuTaThb
CywleCcTBeHHO Henapabonunyeckon (aHrapmoHudeckon). lNpegnarannucb camble pasnunyHble
BapuaHTbl BBEOEHUS aHrapmMoHmama, BMMAOTb [0 TOro, 4YTO YXe TpeTbe-deTBepToe
BO36yxgeHHOe konebaTenbHOe COCTOsIHME BOAOPOLA CYMTANOCh HAaXo4saWMMCSA Bbille Kpast
AMbl, U OBWXKEHNEe aTOMOB BOAOpoLa CTaHOBWUIIOCL HagbapbepHbiM — NOCTynaTerbHbIM U
HenokanusosaHHbIM [W.A. Oates, J. Chem. Soc. Faraday Trans. 73 (1977) 407]. Npobnema
CHUMaeTCH, ecrin ONTUYECKNA MUK UMEeET MJieYyo.

Pa3HOCTs cBOOOAHBLIX SHEPIrMA PAacTBOPOB BOAOPOAA U AENTEPUS C
MAOTHOCTAMW ONTUYECKUX (POHOHHbBIX COCTOSAHUM g,,(W) N g(w) Obla 3anucaHa B
BUJIC.

G;:(1)-65 (1) =N, [ heg, (@) - gy (@) o+

+3RT j In 1—exp(—i—1a_)j 9, (@) — 9, (@) [do+3A,,

A, — Pa3HOCTb MONOXeHNA AHa OAHOMEPHOro cevYeHns
noTeHumanbHon ambl anga atomos H un D.
B rapmMoHn4yeckomMm npubnmkeHnm OomKHO BbINOMNHATLCA COOTHOLLEHNE

Ip(w) =r9,(rw), roe KOHOTaKm, /m,, ~+/2 €CJI1 CUNOBbIE KOHCTaHTbI
ans atomos H 1 D 0AMHaKOBbI, U MOXET ORKAOHATLCS OT , ecnu

CUNOBbI€ KOHCTaHTbl pa3nuyHbl. MHOXUTENDb I Nepen g,,(rw) coxpaHAeT
HOPMUPOBKY .



PesynkraThl NOAMOHKM NO napameTpam r n A

AGIRT
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DA for g, (@)

— T-D for g ()

-D-H for hw

aver A

1 2 3

4 5

1000/T (K

o =+/2.06+0.03
AHD = 1.1+0.3 maB

ryy =/1.53 ~~/3/2
ADT ~ 0



[TyHKTUpHBIE JIAHUA HA TpPENbIAYIIEM Cllaiijic — MOArOHKa B MOJIENH
DiHITEHA, MOIMPUIMPOBAHHON 100aBKoit  3A|H

1—exp _hka_l)_'* .

GZ(T)=GZ(T) = 3RT In i |+ 2N, (e — R )+ A
1_exp ﬂ 2

[oaroHoOYHbIMKU NapameTpamMu CryXunky\y N BENUUNHES" = &' | o™

| | | | [y

H D T

1/2 Fla)".:em ~ 40 maB

1/2 ﬁa)gem ~ 28 maB
1/2 F;a)"T”e’" ~ 23 maB

] A~ 1 maB

3Ha4YEHUS MOJATOHOYHBIX APaMETPOB
IMPAKTUYCCKHU HC N3MCHUIINCDH.
e =206 U A =1  MaB;

=152 U A =0 M3B.

[1ononHUTENBbHO NOABUNUCL 3HAYEeHUS 3PFPEKTUBHBIX
OVHWTENHGBCKIBOIHEpria,™ =56

MaB. OddekTnBHaa aHepruss MaB xopoLuo cornacyeTtcs co

cpegHeB3BeLLEHHON 3Heprnen hw

M3B;w" =45 M3aB u

grav = 18 M3B onTn4ecKom 30Hbl

gy(w) onsa 6eckoHe4vHo pasbasneHHoro pacrteopa Pd-H.
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Fig. 2. A comparison of « and f-phase PdH, and PdD,. The solid lines are smooth curves drawn through the data for PDH_ data, while

the points and dashed lines represent the data for PdD,, plotted at 1/5 times the actual energy transfer in order to facilitate comparison.
For a harmonic oscillator with the same potential, the two curves would be superposed in both cases

OauvH  Haw pes3ynbraT, OOHAKO, oKasancs HeCOBMECTUMbIM C
NMELLMMUCSA SKCNepUMeHTanbHbiMM gaHHbiMu [J.J. Rush et al., Z. Phys. B -
Condensed Matter 55, 283-286 (1984) ].

CoracHo 310l padore, sHeprur konedanuiit H u D B Pd oTHoCsaTcsa kak 1.49
(JIEBBIM PUCYHOK), YTO 3HAUUTEIBHO OTJIMYACTCS OT MOJYYCHHOIO HAaMU 3HAUYCHUS
o =+/2.06+0.03 =~ 1.44, 61U3KOr0 K rapMOHHUECKOMY.




Solid interstitial solutions
Ni-Fe-H



S(Q,0), ycn. eq.

NiH || \ Ni, Fe _H
N
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hm, maB

S(Q,»), ycn. eq.
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CHOeKTpbl HEYyNIPYTroro pacCesiHUs HEUTPOHOB TPH
T = 5 K, npomepennbie Ha criektpomerpe IN1-
BeF (MJIJI, I'pero6as) mirs obpasmoB NiH [V.E.
Antonov et al., Europhys. Lett. 51 (2000) 140] u
FeH [V.E. Antonov et al., J. Phys.: Condens.
Matter 14 (2002) 6427] (pwuc. 1a)

Crnextpel TBepabix I'LIK pactBopos Nij gFe, ,H, ¢
X =0.03, 0.06 u 1.0 (puc. 1b)

0.8NiH+0.2FeH

/ Ni, Fe, H

S(Q,0), ycn. eq.

...........................

Cynepnosunius 80/20 crmexTpos
NiH u FeH (puc. 1c).



S(Q,0), ycn. en.

a)
o c)
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S, : 0.8NiH+0.2FeH
= 5
3 !
- > Ni_ ,Fe, H
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Kax Bugno u3 puc. lc, HPH cnexrp pactsopa Ni,gFe,,H, ¢ X = 1.0, B koTopoM aTromsl
BOJIOPOJa 3aHUMAIOT Bce OKTarapuueckue Mmexaoysaus [V.E. Antonov et al., J. Phys.:
Condens. Matter 14 (2002) 6427], ynoBICTBOPUTECIHLHO OIMCHIBAETCS CYMMOM CIICKTPOB
NiH u FeH, nopmupoBannbix Ha yucino aromoB NI u Fe B cmmaBe NijgFe,,. 910
COTJIACYeTCs C M3BECTHBIM (PAKTOM, YTO HEYIIPYroe paccessHue HEUTPOHOB HOCHUT JOBOJIBHO
JOKaJIbHBIM XapakTep M, KakK IMPaBWJIO, B OCHOBHOM OIpEACISICTCS OMKaWIIIM
OKpYXKECHHEM aToMa-paccenBareiis. PEe30HHO TmoyiaraTh, YTO paccesiHue WMEeT TOT XKe

xapakTep U B ciaydae pactsopa Nij gFe, ,H, ¢ x =0.03.
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Pucynok cnesa. Cpennee uucio N, aromoB Fe, okpyxaromux atom H B
TBEPIBIX pacTBOpax Bojopona B HeynopspouenHoMm I'LIK cmmase NijgFe,,
npu T = 4.2 K mo ganabiM Meccbay3pOBCKO# CIIEKTPOCKOITUH Ha sapax °'Fe
[V.E. Antonov et al., J. Phys.: Condens. Matter 14 (2002) 6427]. Ilpu
O€CIopsAI0YHOM Pa3MEIICHUU aTOMOB H MO OKTa3ApUYECKUM MEXA0Y3JIHUIM
craBa NOMKHO ObITh N, = 1.2 BHe 3aBMCHMOCTH OT KOHICHTPALUU
Boztopoza X B pactopax Ni, gFe, ,H, .

B pactBope ¢ X = 1.0 y aroma H B nepBoii KoOopAMHAILIMOHHOM chepe uMeeTcs
B cpenHeM N (1.0) = 1.2 aromoB xene3a, a B pactBope ¢ X = 0.03 310 uncio
ymenbmaercs 10 N, (0.03) = 0.11.
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Ecau pae NpeanonaoKuTh, YTO BCS MHTEHCUBHOCTH PACCESHUS HA aToMax BOIOPOAA, Y
KOTOPBIX €CThb B COCEISX aToMbl keines3a, y ooOpasua Ni,gFe,,H,,, monanaer B obnacts
NpaBoOro IUIeYa OCHOBHOI'O ONTHYECKOIO INHKA, TO MHTErpajbHas MHTEHCHMBHOCTB JTOTO
mieya cocTaBuT 0.2*Ng,(0.03)/N,,(1.0) = 2% ot 061ieil MHTEHCUBHOCTH BCell ONTUYECKON
nonockl. Kak BupHo u3 puc. 1b, skcnepuMmeHTanbHash MHTEHCUBHOCTb JTOrO Ij€4a
npumepHo B 10 pas3 Belllle, H, CIIEI0BATENBHO, TIEY0 UMEET MHOE IIPOUCXOKICHHUE.

N3 pHuc. 1b BHUJHO TaKKC, 4YTO MHTCHCHUBHOCTD I1JI€CHA HE BBIKA3bIBACT HUKaKOH TCHACHIINN

K YMEHBIIICHUIO MTPYU YMEHBIIIEHUH KOHIICHTPAIIUK BOJAOPOIAa B TBEPJIOM PacTBOpe B 2 pasa,
or X = 0.06 no 0.03, a oOmias mupuHa MOJOCHl ONTUYECKUX KOJIEOAHUN B pacTBOpPE C X =

0.03 mpumepHo Ta xe, uto u 'y ruapuaa NiH (puc. 1a).



Takum oOpaszom, HPH wuccrnenoBanue TtBepnpix I[TIK pactBOpoB
Nio.sFeo.sz MMOKAa3aJI0, YTO MPU YMEHBIICHUM KOHIICHTPAIIMKA BOAOPOAA
BILUIOTh 70 X = 0.03 mmpuHa onTHYeCKON 30HBI OCTAETCS MPUMEPHO TOM
XK€, YTO M Y KOHIUEHTPUPOBAHHBIX PACTBOPOB (THAPUIAOB), M HE
CTSATUBACTCS B Y3KUU MUK JOKAILHOW MOJBI KosicOaHuil npumecu H, gero
CJIEAOBAJIO OBl OKUAATh, UCXOJSI U3 KyOMYECKOW CUMMETPUH Mo3unuu H
B PEIIETKE.

DTOT BBIBOJ TMOJHOCTBIO comacyercs ¢ pesynbraramu HPH
uccienosanus teepabix 'K pactBopos Pd, ;AU ,H, 1 yka3siBaeT Ha TO,
yto H-H B3ammoneiictBue B pa30aBJeHHBIX pacTBOpPax BOAOPOAAa B
MepPexoaHbIX MeTaJlIax HENPaBUJIbLHO ONMCHIBAETCS

CYIIECTBYOILIUMHA TCOPUAMH HA KQAYCCTBCHHOM YPOBHEC.



THANK YOU FOR
YOUR ATTENTION



In the difference between the solubilities of

; " deuterium and protium in metals, the
: A gy [07:% contribution from the zero vibrations is
230 75y dominating:
2 18— 11 1
weme App = Z(ha)Hz ha)DZ)_3'§(ha)H _ha)D)
e ke If Ayp > 0 as in the case of Pd, then the
o [ § w4 protium uptake is preferrable. A,y = 0 npwu
72‘2’23‘305?‘/ \ o/ ha, ~ 83 M3B.
R ,\/, At final temperatures, the reactions
—f 4 o A Me + %H, — MeH and Me + %D, — MeD
11 1 are controlled by
5 E(ha)HZ ha)DZ) 3'§(h0)H _ha)D) AG&D = AGE' —AGg =

- (GMOH GI(\)/IoD) - % (GI(—)I2 B GI(:))Z)

where %(GE|2 —ng) can be taken from tables, while the Einstein model gives
for the metal:

| ho, ho, 3
Gyon — Grop = 3N KT In{(l—exp (_ kTH D/(l—exp (_ kTD jﬂ— NAE(ha)H —ha)D).

The value of AG., is vanishingly small over a wide temperature interval if %A@, ~
120 meV.




