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Neutron spectroscopy of Rek oo
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A powder and a single-crystalline sample of a solid hydrogen solution in hcp rhenium with an atomic ratio
of H/Re=0.09 were synthesized under a high pressure of gaseous hydrogen and studied by inelastic neutron
scattering in the range of energy transfers from 25 to 380 meV. The fundamental band of optical hydrogen
vibrations was found to be split into two sharp peaks centered at 100 and 130 meV. The peaks have an intensity
ratio of about 1:2 and the corresponding vibrations are polarized alongakis and in the basal plane of the
crystal lattice, respectively.
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[. INTRODUCTION sample was a disc of 0.5 mm thickness, cut parallel to the
basal plane of the hcp metal lattice.
Rhenium is a hcp & metal of group VII and it belongs to Similar to many othed metals of the groups VI-VIIf,
a rather large variety of group VI-VIII transition metals that rhenium absorbs a considerable amount of hydrogen at high
form hydrides with close-packed metal lattices of fcc, hcp, othydrogen pressures and elevated temperatures, and the re-
doublehcp structure, in which hydrogen occupies octahedrabultant phases can be removed from the high-pressure cell
interstitial positiongsee papers in Refs. 1-3 for references and studied at ambient pressure in a metastable state if
The lattice dynamics of hydrides of Cr, Mn, Fe, Co, Ni, Mo, cooled to a lower temperature beforehand. The equilibrium
and Pd have been studied by inelastic neutron scatterinigydrogen solubility in hcp rhenium at temperatures from 170
(INS) (see papers in Refs. 3 and 4 and references thereinto 350 °C has earlier been found to increase monotonically
The fundamental optical hydrogen band in all those hydridesvith hydrogen pressure, reaching an H-to-metal atomic ratio
was found to look similar and to consist of a sharp peak withof x~0.22 at 9 GP&® At ambient pressure, the quenched
a large shoulder extending towards higher energies. Based onetastable ReH samples begin to lose hydrogen when
results for palladium hydridethe sharp peak could be at- warmed above 0 °C. In the present work, a 5.4 g ReH
tributed to nondispersive transverse phonon modes and thgwder sample and a 0.79 g single-crystalline RgH
shoulder to longitudinal modes exhibiting significant disper-sample were prepared by a 24 h exposure of rhenium to an
sion due to long-range repulsive H-H interaction. H, pressure of 6 GPa at 325°C and subsequent cooling to
The present paper reports on the results of an INS invest50 K in the high-pressure cell. The hydrogenation method is
tigation of the spectrum of optical vibrations of hydrogen in described elsewhefe.When not in use, the quenched
hcp rhenium, which exhibits a different behavior. The INSsamples were stored in liquid nitrogen; in the course of the
spectrum of a Rekhg powder sample was measured at twomeasurements they were never warmed above 120 K. The
temperatures, 5 and 90 K, in order to study the effect ohydrogen contenk=0.094 of the samples was determined
temperature. A single-crystalline Rghy sample was studied by hot extraction into a calibrated volume at temperatures up
by INS to determine the polarization of the hydrogen vibra-to 500 °C using 0.12 g of the powder sample.
tions. It was measuredt & K in two orientations, with the The INS spectra of both Retdy samples were measured
c-axis parallel and at an angle of 63° to the direction ofin the range of energy transfer 25 meWw=380 meV with
neutron momentum transfer. Additionally, the crystal struc-a resolution ofA w/w=5.5 to 8% using the beryllium filter
ture of the Reld g powder sample was examined by neutronspectrometer IN1 installed at the hot source of the high-flux
diffraction at 90 K. reactor at the Institute Laue-Langevin in Grenoble. The scat-
tering angle was fixed at 25° and a @80) monochromator
was used to scan the energy of the incoming neutronswl'he
Il. SAMPLE PREPARATION value was calculated by subtracting 3 meV, the mean energy
AND EXPERIMENTAL DETAILS _of neutrons transmitted through th_e cooled _Be filter, from the
incident neutron energy. Due to this small final energy of the
The starting materials were Re metal powder of 99.9%ecorded neutrons, the deviation of the momentum transfer
wt. % purity and a single crystal of Re with an electric resis-vector, Q, from the direction of the incident neutron beam
tance ratio Rzgg k/Rs42 k=150. The single-crystalline was only a few degrees fas>90 meV, the range of optical
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far is typically found. It therefore seems reasonable to at-
* 90K band of Relyg. The first narrow peak is centered at
=100 meV, the second peak has a maximum aat
nations of these three energies can account for the positions
of the peaks observed at higher energy transfers: The peaks
- @ [meV| ered as the second and third harmonics of the peal ;ahe
peak at 258 me¥ 2w, as the second harmonic of the peak
can be attributed to the combinations + w,=230 meV
1 andwq+ wgy=217 meV, respectively. The broad peak at en-
0 5'0 160/ 200 250 300 350 overlapping excited states with energies close &, 2 w,
@ [meV] =330 meV andw;+2w,=360 meV.

FIG. 1. The dynamical structure fact8(Q,») of ReH, gopow-  tron scattering due to the small thickness and low hydrogen
der at 5 K as a function of the energy lossof the inelastically ~ content of the Rekly,g Sample, the occurrence of the peak at
tribution calculated in an isotropic harmonic approximation. Thegnd w,=130 meV in the fundamental optical hydrogen
inset shows the “one-phonon” spectra of Rgfdpowder at 5 and  pand are due to neutron scattering from hydrogen atoms oc-
tions from the experimental INS spectra. peaks were due to neutron scattering from hydrogen atoms

on inequivalent sites characterized by the excitation energies
in a flat thin aluminum container framed with a Cd mask.two peaks at around(,zl and 2w,. A mixed-type excitation
Background spectra from an empty container were measuregt »~ o, + w, can arise only when the individual hydrogen
from the raw INS spectra of the samples. conclusion that hydrogen occupies only a single interstitial

A neutron diffraction pattern of the Reldy powder  sjte in ReH ogis valid for T=5 K as well as foiT=90 K,
A=1.286 A using the D1B diffractometer at ILL, Grenoble. are nearly identical. It also agrees with the result of a neutron
The diffractometer was equipped with a position sensitivegiffraction investigatioh showing that at 90 K hydrogen oc-
The sample was placed in a cylindrical, thin-walled vana-ReH, ,.
dium can. The background was determined in a separate To visualize the degree of anharmonicity of the optical

°5K tribute these two peaks to the fundamental optical hydrogen
=130 meV and a shoulder arouag,=117 meV. Combi-
at 199 meV=2w, and at 294 me¥3w; can be consid-
at w,. The peak at 236 meV and the small peak at 218 meV
2 v Y, - ergy transfers higher than 330 meV is presumably due to the
In view of the negligibly small intensity of multiple neu-
scattered neutrons. The dashed line represents the multiphonon cd286 me\~ w; + w, shows that the peaks at; =100 meV
90 K obtained by subtracting the calculated multiphonon contribu-cupying crystallographically equivalent positions. If these
hydrogen vibrations in Refhe. The samples were enclosed ¢, and w,, the second H optical band would exhibit only
separately under the same conditions and then subtractegloms have vibrational excited states with and w,. The
sample was measured at 90 K with neutrons of a wavelengthecause the INS spectra measured at these two temperatures
detector, covering 80° in@ with 400 cells of 0.2° width.  cupies only octahedral interstices in the hcp metal lattice of
empty-can measurement and subtracted from the measur@gbrations of hydrogen in Refho, the INS spectrum at en-

diffraction pattern. ergies above the fundamental band was calculated in an iso-
tropic harmonic approximation including processes involv-
Ill. RESULTS AND DISCUSSION ing up to four phonons. The calculation was done by an

iterative techniqu¥® using a multiconvolution of the one-
phonon spectrum of lattice and optical phonons in the energy
The ReH oo powder sample was distributed in a 0.3 mm regionw<<140 meV. Since the low-energy lattice part of the
thick layer between the parallel walls of the aluminum con-spectrum has not been measured yet, it was calculated in the
tainer, which was aligned with its flat side perpendicular toDebye approximation using the Debye temperatdrg
the incoming neutron beam. In this geometry and for the=415 K of pure rhenium. The use of this rough approxima-
incident neutron energies relevant to the experini@f0 to  tion should not noticeably affect the results of the calculation
300 meV; Fig. 1, the total neutron scattering from the because the ratio of the integrated intensities of the lattice
sample was less than 4% and the neutron absorption variethd fundamental optical band of hydrogen is very small—of
from 4.7 to 2.7%. Effects caused by multiple neutron scatthe order of the ratio of 1:186 of the H and Re atomic
tering and neutron absorption were therefore neglected in theasses—and because the intensity of multiphonon scattering
analysis of the experimental INS spectra. involving lattice phonons is not very high due to the low
The INS spectra of the Retdo powder sample measured temperature of the sample. The mean-square displacement of
at 5 and 90 K nearly coincide. The spectrum measured at 5 lhe hydrogen atomgu?)=0.019 A2, resulting from the cal-
is shown in Fig. 1. Two well resolved INS peaks in this culation seems reasonable.
spectrum are located within the energy range of 60 to 170 The calculated “multiphonon” spectrum is shown in Fig.
meV, where the fundamental optical hydrogen band for thel by the dashed line. As one can see, it satisfactorily repro-
hydrides of the group VI-VIII transition metals studied so duces the positions and intensities of the optical H peaks

A. Inelastic neutron scattering from ReH, o9 powder
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near 2w, 3w4, and 2w,, which can therefore be considered T T '

as harmonics of the corresponding fundamental peaks, inher- ! I'=5K REHO,Og (a)
iting their polarizations. At the same time, the convolution i
calculation forw, with wg, and w, produces a broad peak
with a maximum slightly below 230 meV, while the experi-
ment revealed two peaks at 218 and 236 meV. We attribute
this difference to considerable anharmonic effects pertaining
to excitations polarized differently than the fundamental
modes. This observed deviation from harmonic behavior in
the INS spectrum of Ref}g is much stronger than in the
powder INS spectra of hydrides of the group VI-VIII tran-
sition metals studied previously.

In the range of the fundamental optical band, the contri-
bution from multiphonon scattering to the total scattering
intensity is not large and it does not change the specific fea-
tures of the spectrum. The inset of Fig. 1 shows the practi-
cally coinciding “one-phonon” spectra of Rely at 5 and
90 K obtained by subtracting the calculated “multiphonon”
spectra from the experimental ones. The peaks at 100 and
130 meV have full widths at half maximum of about 6 and 7
meV, respectively, equal to the resolution of the spectrometer
at these energy transfers. The peaks can therefore be attrib- FIG. 2. The INS spectra of a R single crystal measured at
uted to nearly nondispersive modes of optical hydrogen ViB K in two orientations, with thes-axis parallel the vectof) of
brations. To outline the profile of the intensity distribution o\;tron momentum transféa) and at an angle of 63° to the direc-

that forms the low-energy shoulder of the second peak, thgon of @ (b). The dashed lines represent the INS spectrum of
mirror image of its high-energy sidehown as dashed line in - re, ., powder at 5 K shown in Fig. 1.

the inset was subtracted from the experimental data. The

integrated intensity of the resulting feature shown by the thin ¢_in the hexagonal basal plane. The INS measurements on

solid line amounts to about 20% of the intensity of the secthe single-crystalline Refhe sample confirmed the sug-
ond peak. The full width at half maximum of this feature is gested polarization of the fundamental peaks.

about 12 meV, thus considerably exceeding the spectrometer
resolution. The feature therefore cannot be ascribed to an-
other nondispersive optical mode and must rather originate
either from the dispersion caused by H-H interactions or The ReH o9 single-crystal was mounted in the cryostat
from the nonharmonic shape of the hydrogen potential wellvith its crystallographi@ axis directed vertically. The crys-
along certain directions in the crystal structure of Rg$d tal was first measured with theaxis parallel to the vecta®

In the “one-phonon” spectrum shown in the inset of Fig. of neutron momentum transfer. Since the crystal had the
1, the ratio of the integrated intensities of the first and theshape of a disc cut along the basal plane of the hcp metal
second fundamental peak taken together with its low-energiattice, its surface was approximately perpendicular to the
shoulder is about 1:1.65. When the “one-phonon” spectrundirection of the incident neutron beam in this position. Then
is transformed to the density of vibrational states by correctthe sample was rotated by an angle of 63° aboutatlaeis
ing for the Debye-Waller factor, exp@*(u?)) with (u?) and measured again. During this second measurenignt,
=0.019 A?, this intensity ratio becomes 1:2.15. In view of therefore lay in the plane perpendicular to theaxis and
the large uncertainty in the value ¢t%) obtained in the formed an angle of 63° with theaxis. The angle of 63° was
isotropic harmonic approximation, which could not repro-chosen because at higher angles the cadmium mask framing
duce the experimental INS spectrum well enough, this ratidhe sample container would have shielded the sample against

Q || c-axis

| (b)

Q at 63° to c-axis

S(Q,®) [arb. units]

100 150 200 250 300 350
@) [meV]

B. Inelastic neutron scattering from ReH, oo Single crystal

seems actually very close to 1:2. incoming neutrons. The two measured INS spectra are pre-
Assuming a random distribution of H atoms over the oc-sented in Fig. 2.
tahedral interstices in the hcp metal lattice of Bg§l the The intensity of one-phonon neutron scattering from hy-

small hydrogen content of the solution should result in onlydrogen in a single crystal is proportional to the product
weak H-H interactions, so that in a first approximation the(Qey)?, wheree, is the polarization vector of the excited
hydrogen atoms can be considered as independent thregbrational mode of hydrogen. In the case of the Rgi
dimensional local oscillators. In this picture, the number andsingle crystal with thec axis parallel toQ, the integrated
intensity ratio of the peaks in the fundamental optical bandntensity of both the fundamental optical peak at

of ReH, oo finds a straightforward explanation by attributing =130 meV and of its low-energy shoulder are smaller by
the peak atv~100 meV to a vibrational mode of hydrogen orders of magnitude than in the case of the powder sample
atoms polarized along the axis of the hexagonal crystal [Fig. 2(a)]. Evidently, the corresponding optical H modes are
structure. The peak ab~130 meV will then result from predominantly polarized in the basal plane, perpendicular to
two degenerate modes polarized perpendicular to this axishe ¢ axis. On the other hand, the integrated intensity of the
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fundamental peak a,;=100 meV is drastically reduced

compared to the powder case when the angle beteand 9000 | T=90K »=1.286A ReH, |
the ¢ axis of the single crystal is 63Fig. 2(b)]. This indi- ’
cates that the 100 meV optical modes are predominantly po-

larized along the axis. The assignment of the fundamental = eooo}  $5]7 ¢ 1 S ono oy oot mo A
peaks at 100 and 130 meV to optical H vibrations polarized o2l 2o S0 24 soi4 24

along and perpendicular to the axis, respectively, also H

Intensity [counts

11

agrees with the angular variation of the intensities of peaks g 3000 Femme
in the higher optical bands of the Rghj single crystal. u ' L i[ "

However, while the occurrence of a splitting of the fun- 2.l WLMJ LR m;ﬁm} &ﬁwjm
damental H optical band in Relgyis in accordance with the or b, . ) difference, octa-H |
crystal symmetry of the Re-H solid solutions, the large mag- c 7 S dfteronce. terat
nitude of the effect is difficult to explain. The problem is that ""‘“’“V"“‘“”“’*““‘“f‘”‘”‘“’“““""‘“"'“'”
the axial ratio of the hcp rhenium lattice in these solutiohs 20 40 60 80 100
is close to the ideal value af/a=+/8/3~1.633, so that the 209 [degrees]

hydrogen atoms occupy octahedral interstices with nearly cu-

bic local symmetry, which are formed by six rhenium atoms ~ FIG. 3. Neutron diffraction pattern of Refgo powder (circles
sitting at apices of nearly ideal octahedrons. In the case dheasured at 90 K and results of its Rietveld analystdid lines.
cubic site symmetry, the peak of hydrogen local vibrationsCurve a is the profile calculated for hydrogen on octahedral inter-
should be threefold degenerate. In a dynamical model assurgtices. Curve b is the difference between the experimeaitales

ing only harmonic longitudinal forces acting along the linesand calcu_latec{curve g spectra. Curve c is the difference between
connecting one hydrogen atom with the six nearest rheniurihe experimental spectrum and that calculatedte0.09 hydrogen
atoms, the experimentally observed ratiq/w,=100/130 atoms randomly occupying tetrahedral interstices in the hcp metal
for ex::itations along the axis and perpendicular to it re- lattice of ReH o9, the other fitting parameters being the same as for
quires c/a=(wi/w,){8/3~1.256. In the Re-H solid the octahedral model.

solutiong’® however, the axial ratio varies only from/a - _
—1.615 atx=0 to c/a~1.591 atx=0.22. sons for the observed splitting of the fundamental optical

A splitting of the fundamental optical band into two band—the powde_r sample was studied by neutron diffractipn
peaks, one polarized along titeaxis and the other in the &t 90 K. The obtained neutron spectrum was analyzed using
basal plane, has been observed previously in the INS spectpae Rietveld profile refinement technique implemented in the
of hydrogen and deuterium solutions in rare-earth metalsPBWS-9411 computer prograff. . _
Y-H and Y-D,'"* Sc-H**®and Lu-D}* in which H and D The spectrum is shown in Fig. 3 and can be indexed with
atoms occupy tetrahedral interstices of the hcp metal latticé? hexagonal unit cell with the parameters 2.7688(5) A,
Thec/a ratios of all these solutions and the valuessgfand ~ C=4.4559(8) A, andc/a=1.60934). It contains no new
w, of the Y-H and Sc-H solutions are close to those forlines in addition to the lines of the hcp structure. The crystal
ReH, oo With octahedral hydrogen. At the same time, thestructure of Reldyg therefore belongs to fche same space
spectra of the solutions with tetrahedral hydrogen are differ@oup, P6s/mmg as the hcp structure of its metal lattice,
ent in some other aspects: The optical hydrogen vibrationgnd shows no long-range order in the hydrogen sublattice.
along thec axis are significantly anharmonic and at low tem- I the hcp structure there are two types of highly sym-
peratures the fundamental peak of these vibrations is broadpetrical interstitial sites conforming to tte6;/mmcspace
ened in Sc-H and is split by about 4 meV in Y-H. In the casedroup, the octahedral and tetrahedral positions. Despite the
of ReH, g, the vibration along the axis by itself shows low hydrogen concentration in the sample and the_ large co-
largely harmonic behavior, and the corresponding peaki€rent neutron scattering cross section of rheni{0.6
shows no broadening, its width being determined entirely by?arn compared to that of hydrogeil.76 barp, the analysis
the energy resolution of the spectrometer. The broadeningf the neutron diffraction spectrum shows }Nlth certainty t.hat
and the small splitting of the first fundamental peak in theNydrogen in Reklos 0ccupies octahedral sites. In fact, with
INS spectra of hydrogen solutions in the rare-earth metalfhe expected profile factoRe,=3.57%, a model with no
was attributed to pairing of hydrogen atoms on the nexthydrogen gives a profile factdr,=4.04%, while a model
nearest tetrahedral sites bridged by a metal atom along theWith hydrogen randomly distributed over octahedral sites
axis!® So far, however, there is no theoretical explanation ofdivesR,=3.72% and yields an optimum H/Re atomic ratio
the large splitting of the fundamental optical band of theseof Xg=0.088, which is close t&=0.094 determined by hot

solutions into two peaks of vibrations along thaxis and in ~ €xtraction. At the same time, a model witk 0.09 hydrogen
the basal plane. atoms randomly occupying tetrahedral sites givRg

=4.95%, and the solution converges =0 and R,
=4.04% if the hydrogen content is allowed to vary as a
fitting parameter.

To examine Reklyg for a possible hydrogen superstruc-  The neutron diffraction data also appeared sufficient for
ture or large random displacements of the hydrogen atomthe conclusion that along theaxis the hydrogen atoms are
from the centers of the octahedral sites—two potential reanot subject to significant displacements;, from the centers

C. Neutron diffraction from ReH ¢ oo powder
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FIG. 4. The axial ratioc/a, and relative values of the param-
eters,al/a, and c/cg, of the hcp metal lattice of hydrogen solid
solutions in rhenium at 90 Kcircles and trianglesand of hydrogen
and deuterium solid solutions in cobalt at 120(¢lamond$ as a
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but the Co-H solution shows no splitting of the optical hy-
drogen band.The significant decrease in th@a ratio of
Re-H solutions with increasing hydrogen concentration
agrees qualitatively with the higher energy of optical H vi-
brations in the basal plane than along thaxis, as found in

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 in-
crease in the parameter on hydrogenation.

Interestingly, thec/a ratio of pure Re metal at room tem-
perature is virtually independent of pressure up to 216 GPa,
though the unit cell volume of the metal decreases by as
much as 26.6%’ This suggests nearly isotropic Re-Re inter-
actions in Re without hydrogen. In view of the nearly cubic
local symmetry of octahedral interstices randomly occupied
by hydrogen, neither the anisotropic lattice expansion of rhe-
nium on hydrogenation, nor the large splitting of the optical
H modes in the Re-H solution can therefore be attributed
to an anisotropy in the elastic properties of Re metal it-
self. These effects must rather result from specific H-Re
interactions.

IV. SUMMARY

The experiments show that at a temperature of 90 K,
ReH, o9 is a disordered solid solution of hydrogen randomly

function the HD)/Me atomic ratiox. The circles show the xray occypying positions at the centers of octahedral interstices in
data of Ref. 7. The down triangles, up triangles, and diamondg,o o rhenjum lattice. Despite the nearly cubic local sym-
present the neutron diffraction data of Ref. 9, of the presen}netry of the hydrogen positions, the fundamental band of
paper, and of Ref. 2, respectives, andco are the values of the optical hydrogen vibrationst® K a,nd 90 K is split into two
lattice parameters at=0. The solid and dashed lines show linear

least-squares fits to the data for the Re-H and Co-H solution%eea\l/(sa(rzii gtserf(:gr:t:gsrlsngo%\%?s?eer\sﬁivzh(renggg(s)\/\(l)fpﬁilér?)tg:éao
respectively. vibrations along the& axis of the crystal lattice. The peak at
130 meV has a strong low-energy shoulder, both attributable
to hydrogen vibrations in the basal plane. Hydrogen vibra-
tions along the axis and in the basal plane show an approxi-
mately harmonic behavior in the fundamental and in the sec-
ond optical band. Hydrogen vibrations in other directions are
strongly anharmonic at energies above the fundamental band.

of the octahedral sites. In this case, the integral faRtawas
most sensitive and it varied from 2.03% farz=0 to 2.80%
for Az=0.24 A, and to 3.83% foAz=0.36 A. Thus, like
ReH, , studied earlief, ReH, oo can be considered as a dis-
ordered solid solution of hydrogen randomly occupying po-
sitions at the centers of octahedral interstices in the hcp met he observed large splitting of the H vibrational modes with

lattice. different polarizations finds no satisfactory explanation yet.
Nevertheless, there seems to be at least one structural fea-

ture that distinguishes hydrogen solutions in rhenium from
the solutions in other group VI-VIII transition metals. As

seen from Fig. 4, the lattice expansion due to the hydrogen This work was supported by Grant No. 98-02-16646 from

uptake is much more anisotropic for hcp rhenium than forthe Russian Foundation for Basic Research and by Grant No.
hcp cobalt. Similar to rhenium, cobalt forms a continuous34-1997 for young scientists from the Russian Academy of
series of solid solutions with hydrogen on octahedral sitesSciences.
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