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Neutron scattering studies ofγ-CoH
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Abstract

A powder sample offcc (γ) cobalt hydride was synthesised under a pressure of 9 GPa and a temperature of 350◦C and then studied at
ambient pressure by neutron diffraction at 95 K and by inelastic neutron scattering (INS) at 5 K in the range of energy transfers 30–380 meV. A
profile analysis of the neutron diffraction pattern showed that hydrogen occupies octahedral interstitial sites in thefcc metal lattice ofγ-CoH
with a = 3.7124(5)Å. The INS investigation demonstrated that the fundamental band of optical hydrogen vibrations consists of a strong
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eak at 102 meV with a broad shoulder towards higher energies. This intensity distribution is typical ofhcp and fcc monohydrides of 3d-
nd 4d-metals, and the peak position as a function of the hydrogen–metal distance agrees with the dependence established for th
arlier.
2005 Elsevier B.V. All rights reserved.
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. Introduction

At temperatures of 250–350◦C, the equilibrium solubil-
ty of hydrogen in the low-temperaturehcp (ε) modification
f cobalt monotonically increases with pressure and reaches
n H/Co atomic ratio ofx ≈ 0.6 at 7 GPa[1]. At higher
ressures, hydride withx ≈ 1 is formed on the base of the
igh-temperaturefcc (γ) cobalt modification[1]. Both theε

olid hydrogen solutions (hydrides) and the stoichiometricγ-
ydride can be retained in a metastable state at atmospheric
ressure and low temperatures, if the sample is cooled below
bout 200 K under high hydrogen pressure.

Cobalt and its hydrides are ferromagnets. The magne-
ization measurements showed[2] that magnetic moments
n the ε hydrides decrease from 1.71�B/atom Co atx =

to about 1.55�B/atom Co atx = 0.5, and decrease to
bout 1.3�B/atom Co for theγ hydride withx ≈ 1. A neu-

ron diffraction investigation at ambient pressure and 120 K

∗ Corresponding author. Tel.: +7 95 993 2755; fax: +7 96 524 9701.
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showed[3] that hydrogen atoms are randomly distribu
over octahedral interstices in theε cobalt hydrides with
x ≤ 0.26 and form layered superstructures in the solut
with x ≥ 0.34, occupying every third octahedral basal la
at x = 0.34 and every second layer atx ≥ 0.38. So far, the
crystal structure ofγ cobalt hydride was examined only
X-ray diffraction [1], which provided no information abo
the type of hydrogen positions in thefcc Co lattice.

In the present paper, the full crystal structure ofγ-CoH
was studied by neutron diffraction and its lattice dynam
by inelastic neutron scattering.

2. Experimental

Plates (0.2 mm thick) of 99.98 wt.% pure polycrystal
cobalt were loaded with hydrogen by a 24 h exposure to2
pressure of 9 GPa at 350◦C and subsequent cooling to 150
in the high-pressure cell. The hydrogenation method is
scribed in more detail elsewhere[4]. To ensure the homogen
ity of the sample, the hydrogenated plates were examin
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X-ray diffraction (T = 100 K, Fe K� radiation) and shown
to be single-phasefcc hydride, and a few milligrams piece of
each plate was analysed for hydrogen content by hot extrac-
tion into a calibrated volume at temperatures up to 200◦C and
shown to containx = 1 ± 0.03 hydrogen. The plates were
brittle. Prior to the neutron scattering experiments, they were
ground in an agate mortar under liquid nitrogen to diminish
texture effects.

The 400 mg powder sample ofγ-CoH thus prepared was
studied by neutron diffraction at 95 K with the D20 and D1B
diffractometers at the Institute Laue-Langevin in Grenoble
using neutrons of a wavelength ofλ = 1.29 and 2.52̊A, re-
spectively. The diffraction data were analysed with a com-
puter program[5] based on the Rietveld profile refinement
technique. The inelastic neutron scattering (INS) spectrum
from theγ-CoH sample was measured at 5 K with the IN1
BeF spectrometer installed at the hot source of the high-flux
reactor at ILL, Grenoble. Cu(2 0 0) and Cu(2 2 0) monochro-
mators were used to obtain incoming neutrons with energies
below and above 120 meV, respectively. Background spectra
from empty sample holders were measured separately under
the same conditions and then subtracted from the correspond-
ing spectra of the sample.

3. Results and discussion
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Fig. 1. Neutron powder diffraction pattern ofγ-CoH measured at 95 K with
the D20 diffractometer at ILL, Grenoble, using neutrons with a wavelength
of λ = 1.29Å (open circles) and results of its Rietveld analysis (solid lines).
Curve (a) is the sum of the magnetic contribution shown by curve (b) and of
the nuclear contribution calculated for theFm3̄m structure of the NaCl type
with hydrogen atoms occupying every octahedral site in thefcc Co lattice
with a = 3.7124(5)Å. Curve (c) is the difference between the experimental
(circles) and calculated (curve a) spectra. Curve (d) is the difference between
the experimental spectrum and that calculated forx = 1 hydrogen atoms
randomly occupying one half of the tetrahedral interstices, the other fitting
parameters being the same as for curve (c).

Fig. 2. Neutron powder diffraction pattern ofγ-CoH measured at 95 K with
the D1B diffractometer at ILL, Grenoble, using neutrons with a wavelength
of λ = 2.52Å (open circles). Its profile fit shown by solid line (a) is the sum
of the magnetic contribution and of the nuclear contribution calculated for
theFm3̄m structure with hydrogen atoms on octahedral sites in thefcc Co
lattice. Curve (b) is the difference between the experimental and calculated
spectra.
.1. Neutron diffraction

The neutron diffraction patterns of theγ-CoH sample an
he results of their profile analysis are presented inFigs. 1
nd 2. The statistics of the spectra and the signal-to-nois

io were rather poor due to a few unfavourable factors a
ogether: the relatively small mass of the sample, the low
erent neutron cross-section of Co and H atoms, the
eutron absorption by Co atoms and the large incoh
eutron scattering from H atoms. Nevertheless, the pr
nalysis gave a decisive conclusion concerning the typ

nterstitial sites that hydrogen atoms occupy in thefcc metal
attice ofγ-CoH.

To reduce the number of fitting parameters, the mag
ontribution to the scattering intensity (curve b inFig. 1) was
alculated using a value of 1.3�B/atom Co from referenc
2]. The hydrogen contentx = 1 of the hydride was also fixe

As seen fromFig. 2, the neutron diffraction pattern ofγ-
oH contains no new lines in addition to the lines of thefcc
tructure. The crystal structure of this hydride therefore
ongs to the same space group,Fm3̄m, as thefcc structure o
ts metal lattice. In thefcc structure, there are two types
ighly symmetrical interstitial sites conforming theFm3̄m

pace group, the octahedral and tetrahedral positions. A
e seen from the difference curves c and d inFig. 1, a mode
ssuming that hydrogen occupies every octahedral site
satisfactory profile fit of the experimental spectra, w
model with hydrogen randomly distributed over the te

edral sites (which are twice as many as the metal site
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qualitatively unacceptable. Correspondingly, any admixture
of tetrahedral hydrogen makes the agreement between the
calculation and experiment worse, and the model allowing
partial occupancy of sites of both types converges to 100%
occupancy of the octahedral ones.

The octahedral hydrogen coordination established forγ-
CoH is characteristic of all hydrides with close packed metal
lattices that are formed by transition metals of groups VI–VIII
[6]. The difference about 1.8̊A3 per metal atom per H atom
between the atomic volumes ofγ-CoH and Co[1] as well
as the interatomic distancesR(Co–H) = 1.856Å and R(Co–
Co) =R(H–H) = 2.625Å in γ-CoH are typical of monohy-
drides of 3d-metals of these groups.

3.2. Inelastic neutron scattering

The INS spectrum ofγ-CoH is shown inFig. 3and looks
similar to the spectra of monohydrides of all other 3d- and
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4d-metals of groups VI–VIII studied so far (see[7] and ref-
erences therein). The first fundamental band of optical H vi-
brations consists of a strong peak centred athω0 = 102 meV
with a shoulder towards higher energies extending up to about
140 meV. The second and the third optical H band resulting
from multiphonon neutron scattering have a smoother inten-
sity distribution and appear at energies approximately two
and three times the energy of the fundamental band, respec-
tively.

The lattice part of the INS spectrum ofγ-CoH at ener-
gies below 30 meV was calculated using the force constants
from the Born-von-Ḱarmán fit (dashed curve inFig. 3a) to
the fundamental optical peak. The longitudinal (L) and trans-
verse (T) force constants were:L(Co–Co) = 25 N/m,L(Co–
H) = 18.7 N/m, L(H–H) = 2.5 N/m, T(H–H) =−1.5 N/m for
the nearest neighbours, andL(H–H) = 2.5 N/m, T(H–
H) = 0.8 N/m for the second nearest neighbours.

Using the estimated low-energy lattice part of the
vibrational spectrum ofγ-CoH, the contribution from multi-
phonon neutron scattering was calculated in an isotropic and
harmonic approximation using an iterative technique[8]. As
one can see fromFig. 3b, the calculated dashed curve rather
well describes the main features of the multiphonon part of
the experimental spectrum at energies above 150 meV.

The one-phonon spectrum ofγ-CoH obtained by subtract-
ing the calculated multiphonon spectrum from the experi-
m
h arly
s tic of
t up
t alla-
d the
ig. 3. The dynamical structure factorS(Q, ω) of γ-CoH as a function of
he energy loss�ω of the inelastically scattered neutrons. The open cir-
les connected by a solid line represent the spectrum of theγ-CoH powder
ample measured at 5 K with the IN1 BeF spectrometer at ILL, Grenoble,
nd corrected for the presence of neutrons of half the wavelength in the
onochromated incoming beam. The inset in (a) shows the low-energy por-

ion of the raw INS spectrum subject to the corrections (solid squares) and
he calculated contribution from theλ/2 neutrons (dashed curve). The dashed
urve in (a) shows results of the lattice dynamics calculations carried out to
stimate the spectrum of ‘acoustic’ vibrations inγ-CoH at energies below
0 meV. The dashed curve in (b) is the calculated multiphonon contribution
nd the thick solid curve is the one-phonon spectrum ofγ-CoH.
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ental data is shown inFig. 3b by the thick solid curve. A
igh-energy shoulder of the main optical peak is still cle
een in this spectrum. Such a shoulder is characteris
he vibrational spectra of all hydrides of the VI–VIII gro
ransition metals studied so far. Based on results for p
ium deuteride[9], its occurrence is usually ascribed to

ig. 4. Energy of the main optical hydrogen peak,hω0, vs. the shortes
ydrogen–metal distanceR for various dihydrides with a fluorite-type stru

ure (crosses)[13] and for monohydrides of 3d-metals (open circles) an
d-metals (solid circles) (see[7] for references and discussion). The das
urve is a least-squares fit to the data for the dihydrides.
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dispersion of longitudinal optical phonon modes caused by
long-range repulsive H–H interactions.

As a function of the hydrogen–metal distanceR, the posi-
tionhω0 = 102 meV of the main optical peak in the spectrum
of γ-CoH agrees with the approximately linear dependence
hω0(R) for hydrides of 3d-metals (Fig. 4).

4. Conclusions

Theγ-hydride of cobalt is a typical representative of hy-
drides of the group VI–VIII transition metals. The octahedral
coordination of hydrogen atoms inγ-CoH meets the criterion
[10] to say that hydrogen can occupy only octahedral inter-
stitial sites in 3d-metals positioned to the right of vanadium
in the periodic table because the size of tetrahedral sites in
these metals becomes too small due to the monotonic de-
crease in their atomic radii with increasing atomic number.
The positionhω0 = 102 meV of the main optical peak in
the vibrational spectrum ofγ-CoH agrees with the results of
first-principles calculations[11,12] predicting a monotonic
increase in the steepness of the potential well for interstitial
hydrogen in transition metals from right to left in the periodic
table due to a less efficient screening of the ionic core charges
by the decreasing number of valence electrons.
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