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ESTUDO OA DlFUSflO LOCALIZADA 00 HIDROGÊNIO MO COMPOSTO Ti 0 gZr0 ,CrMnH,
POR MEIO DE ESPALHAMENTO QUASE ELÍSTICO DE NÊUTRONS LENTOS* '

José MESTNIK FILHO e Laércio Antonio VINHAS

COMISSÃO NACIONAL DE ENERGIA NUCLEAR-SP
INSTITUTO DE PESQUISAS ENERGÉTICAS E NUCLEARES

Caixa Postal 1I0A9 - Pinheiros
05^99 - Sao Paulo - BRASIL

RESUMO

A difusão localizada do hidrogênio no composto armazenador
Tio,8ZrO,2l-rMnH3 foí estudada por meio de espalhamento quase elástico
de neutrons lentos empregando o espectrômetro de filtro de berflio-tem
po de vôo. Foi detectado um alargamento na linha quase elástica mais de
uma ordem de grandeza superior ao encontrado no caso da difusão a longo
alcance, numa situação experimental na qual o comprimento de correlação
observado eqüivale a distância média de saltos na difusão do hidrogênio.

(*} Trabalho apresentado no "XI Encontro Nacional de Ffslca da Matéria
Condensada", reatizado em Caxambú, MG, de 9 a 13 de maio de 1988.



QUASI ELASTIC NEUTRON SCATTERING. STUDY OF THE LOCAL!ZEO DIFFUSION
OF MVDROGEN IN Ti f t B2rft ,CrMnH_0,8 0,2 3

Joti MESTNIK FILHO and Laêrclo Antonio VINHAS

COHISSKO NACIONAL OE ENERGIA NUCLEAR-SP
INSTITUTO DE PESQUISAS ENERGÉTICAS E NUCLEARES

Caixa Postal »10«»9 - Plnhttros
05<i99 ' São Paulo - BRASIL

ABSTRACT

The localized diffusion of hydrogen In the storage compound
Tí0,8^ r0.jCrMnMj was studied by quasieiastic slow neutron scattering
with tbe 'b»r i I lum-f l I te r - t lme-of - f l ight spectrometer. A large quas^
elast ic width was detected which Is more than one order of magnitude*
larger than that observed for long range diffusion. In an experimental
situation in which the observed correlation lenght was the same as the
mean jump lenght for hydrogen diffusion.

Í») Paper present at the » | | tò Encontro Nacional d* Ff>»ca da «ate>f«
Condensada", h t l d In CaxambÚ, MG, May $ - I J , 1988,



INTRODUCTION

The quasielastlc neutron scattering technique (QNS) offers a possj[

bility to study the diffusive motion of atoms on an atomic scale. A

stricking feature of this technique that has no conterpart In other

techniques is the possibility to observe both the long range diffusion

and the details of locally elementary steps for diffusion .

In dealing with metal-hydrogen systems specially those with high

hydrogen concentrations such as the materials developed for hydrogen

storage pourposes , it was frequently observed that there are two time

scales for diffusional motion of hydrogen, one for long rcnge diffusion

and another one, which is more than one order of magnitude smaller, for

local diffusive

These locally rapid hydrogen motions are not yet well understood
and are possible to be observed in a QNS experiment.

In this work we present a study of the hydrogen localized motions

in the storaoe compound T i . -Zr . .CrMnH. with QNS, ut i l iz ing a tra

ditional ber i l ium-f i l ter - t ime-of- f i ight instrument.

In a QNS experiment, a monocromatic neutron beam impinges on the

sample and an energy analysis of the scattered neutrons at a fixed

scattering angle is performed. For metal-hydrogen systems, the scatte

ring contribution from hydrogen is isolated, since the scattering cross

section due to hydrogen is one order of magnitude higher than for other

elements. The incoherent scattering cross section is given by :

dOdE' k kv

Where •>$ • fifl* - k') Is the momentun transfer on scattering while k

and k' »rt the initial and final neutron wave vectors, respective!ty.

Ku • i • E' is the energy transfer on scattering. E and E' the initial

and final neutron energies, respective Ily. Si Is the incoherent scatte

ring law and o\ the Incoherent microscopic tcatterlng cross section for

hydrogen.

The incoherent scattering law is related to a self correlation

function G (?,t) by a double Fourier transformation :
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In the classical jump diffusion model, originally proposed by Chu

d'ey and El l io t t , i t is assumed that the hydrogen performs a jump to

a neighboring interst i t ia l site after a mean time of stay on a site

given by T. The diffusion equation for such a model is described as :

«Ü&.JLr Lr. í ) -oft] (3)
it m I L J

Where P(r)dr means the probability to find the hydrogen atom In

the volume element dr pointed by the vector r. n is the number of neigti

boring interst i t ia l sites relative to one site and I art the vectors

that define these neighboring sites.

The auto-correlation function G ( r , t ) is obtained by solving equa

tion 3 with the in i t ia l condition 6 (r,o) - 6 ( r ) . Performing also the

transformation shown in equation 2, finaly one obtains the scattering

law, given by:

1 * \ft)\2S

which Is a lorentzian function centered at the energy transfer u> • o,

and a half width at half maximum f(Q) given by:

f(í) - - — I ie"1^-!} (5)
nT I

and frequently called the structure factor for diffusion. In the case

of a I sotropic distribution of a large number of sites, one has:

f(Q) . i (i - i£HM) (6)

which I t also a good approximation when the experiment i t performed in

powder or pol(crystalIne samples.

For small values of Q, we have:



lira f(Q) - DQ2 (7)

Where D - 1 2 / 6 T is the diffusion coefficient.

So, if one plots the width of the iorentzian scattering function
2

against Q for small values of Q, the slope of the strait line obtained

gives directly the microscopic diffusion constant 0, without any pro

blems related with the surface cleanliness or grain boundaries, such as

encountered in permeation methods. Furthermore, for larger values of Q,

it Is possible to determine the mean jump lenght I in the diffusion

process, a parameter that is Impossible to extract by any other method.

Even more details are possible to extract If one measure the lorentzian

width in monocristais when a choice is made for a particular orien

tation of the scattering vector relative to the metai lattice.

In high hydrogen concentration materials, the hydrogen jumps are

blocked due to the fact that most of the neighboring interstitial sites

are already occupied by hydrogen atoms. After performing a jump, the

Interstitial atom has more chance to perform another jump back to the

original position. Then, simultaneously with the relatively slow long

range diffusions! motion, the hydrogen atom may perform various rapid

localized jumps between two neighboring interstitial sites. It is ex

pected that the mean time of stay for this motion T R , will resemble

that of a diffuüionai motion in dilute case, and so, T R < T .

We made a simple ansatz to take into account this type of motion.

It was assumed that the corresponding self correlation function is

given by;

G*<;, t ) - » •

Where a represents a vector pointing to on« neighbor position re)£

tive to ? « o. So, for t - o, the particle is at the origin "r • o. The

probability to find the particle here decreases with time at the same

rate that the probability to find It at a position ? • a Increases with

time. For t • oo the probability to find a particle Is the same for

both positions r - o and r - a.



Assuminç furthermore that the distribution of vectors a Is iso

tropic and making the transformation qiven by equation (2), one gets:

s * ( Q i t ) ) . 1 !il} Lz.™Jà.L 6(M) l±JSSJé (9)
' 2T* ()/TO) • «.) Qa 2f) Qa

It is readi M y seen that the scatterinq law has In this case two

lorentzian components: one with a fixed and large width 1/T_ and another

one without inelastic scattering, given by 6(w). The intensity of the

former component increases with Q whereas the Intensity of the other

decreases with Q by the same amount. Note that in this case it is the

Intensity that varies with Q, in contrast to the situation given by e

quatlon (M where it is the width that varies with Q. This is the way by

which the rapid localized motion can be completely caracterlzed and iso

lated from the long range diffusional motion.

In going further, we must take into account the both type of dif

fusional motion, i.e., the localized and long range diffusion and also

the vibrations! motions. The result of this step is that the resulting

scatter!no law is the convolution of equation (9) with equation C O , so

that we have already two components; one given by equation ft) instead

of ó((i>) and another one given by a lorentzian function the width of

which is a sum f(Q) • 1A R, and can be approximated by '/*»• Convolution

with the vibrational scattering law introduces a Debye-Waller intensity

factor governing both the components , giving the final result:

> / TR f I - sen Qal
i • • iIN. m i . I ~-w — « - • • ! I

(1/tR)
2 • u2 I Qa *

EXPERIMENTAL DETAILS AND RESULTS

(10)

The Ti QIT .CrMnH intermetalIic compound was produced by 6e

seilschaft fur Electron*tal lurgie, Nurnbercj, west Germany, and the
(8)method of preparation Is described elsewere . Hydrogenatlon was p*r_

formed In our laboratory by a direct reaction of the metallic alloy



with hydrogen gas (99-99% purity), utilizing a specially developed

stainless-steel reactor. Three cycles of charging-discharging were suf

ficient to give a uniform hydride sample, which was then sealed with a
(8)thin oxide layer by a slow reaction with ox»gen at 77K . The amount

of absorbed hydrogen was determined by a controlled extraction of hjr

drogen at 870K in a fraction of previously prepared sample. An X-ray

diffraction pattern was obtained in order to confirm the existence of

only one hydride phase. No unreacted material was detected .

The powder sample was introduced in an aluminium container with dî

mensions 9.5 X k.$ X 0,025 cm and with 0,1 cm wall tickness. The sample
o

transmission was 85% for U.S A neutrons.

The neutron spectrometer utilized in this work is a traditional Se*

-fiIter-tlme-of-fIight spectrometer instated in a beam port of a ma

teria) testing swimming-pool reactor at IPEN-SP . The incident neu

tron spectrum is centered at 3«5 r1«V and is 2 meV wide (FWHM), The

overall resolution for 5.12 meV neutrons (Be cut-off) is 150 ueV(FWHM).

Several spectra were recorded with the sample In the temperature

range of 299 K to 398 K and scattering angle in the range of 25 to 90

degrees.

Figure I shows a tipical raw spectrum obtained. It consists mainly

of three distributions of scattered neutrons. The first one is centered

around channel number kO representing neutrons that exchanged about

100 meV of energy and are due to localized hydrogen vibrations, and was

analysed else we re . The second distribution, around channel number

100, represent the band modes of the metallic lattice, with which the

Debye temperature of the Ti. aZr. -CrMnH compound, was obtained,
(q\ 0 , o 0,Z 3

giving 6. - 311 • 10 V '. The other distribution around channel 200 Is

due to thc^uasielastlc scattering of neutrons *nà Is effectively the

subject of this work.

Several corrections were made to the raw data prior to the analysis

of the width Introduced by quasleiastic neutron scattering on hydrogen.

Firstly the contribution from scattering on the metallic part of the

sample and on the aluminium container was subtracted. Also the back
(o) ~

ground con ting was subtracted1". Afterwards the spectra ware corrected



for chopper transmission , detector efficiency and absorption/

/scattering by ai r.

A method was spetially deve lopped for the analysis of the quast

elastic width, which consist of the folowing steps:

1) A spectrum of the incident beam was obtained with the time-of-f1Ight

spectrometer positioned at 0 degrees.

2) The incident beam spectrum was numerically convoluted with a

gaussian function. The width of the gaussian function was adjusted

such that the resulting convoluted spectrim» had the better fit to a

spectrum obtained with a vanadium sample at a temperature of 299 K

and k$ ° degrees scattering angle. So, a very precise spectrum that

represents the purely elastic scattering was obtained. The observed

width in this spectrum, measured by the slope of the bragg cut-off

due to berilium, Represents the resolution of the time-of-f1ight

spectrometer which is 150 ueV(FWHM)*12*.

3) The spectrum obtained in step 2 was numerically convoluted with a

function that Is a lorentzian In an energy scale. Several spectra

were calculated in this way the widths of which were In the range

from I ueV to SO yeV. A specially designed computer code was neces
(9) ~"

sary to perform the numerical convolutions . These spectra were

then fitted to the experimental data, one by one, taking as a ad jus

table parameter, only the intensity of the spectra. Only 30 channels

around the Bragg cut-off were considered. The width of the quast

clastic line was determined by the choice of the spectrum which re

suited in the best fit to the experimental data. It was impossible

to adjust two components to any experimental spectrum due to the

relatively wide distribution of incident neutrons.

Figures 2 and 3 show the results of the quasielastlc scattering from

hydrogen in Tf. ~ZrQ 2
C r M n H i - Tn< f u" curves in these figures are the

result of the fitting procedure outlined above. Only the spectrum

obtained at a temperature of 398 K and scattering angle 86 ° (figure 3)

has a quasielastlc width of 15 • 6 peV whereas the spectra for temper

ature of 299 K (figure I), and all the others spectra, no present any

observable width within our experimental errors. It Is possible to



observe the presence of the quasielastic widening in figure 3: the rise

of Ine Bragg cut-off in this case is less steep than that of figure 2.

Also 'e effect of the Pb cut- above the Be cut-off, is less pro

nounced in figure 3 than in figure 2.

DISCUSSION

in the present work it was not possible to Isolate the quasielastic

line due only to the rapid localized notions of hydrogen

Ti QZrn -CrNnH.. The caracterization of these motions needs a sepau,o u,z ) —
ration of the quasielastic line into two components, as predicted by e

quation (10). Nevertheless, it was possible to detect the presence of

the rapid localized motions by the observation of an effective quasj^

elastic width that is more than one order of naonitude larger than that

observed for a long range diffusional motion which is nearly 0,5 yeV .

This means that the mean time of stay for long range diffusion at 398 K

Is T ^ 3 * 10 s whereas the mean time of staly for local diffusion,
-IIat the same temperature, is T_ * 10 s.

Furthermore, this large width was observed for a sca»**i ;nf vector

Q • 2.1 A which gives a correlation lenght < r > • 3 A that is nearly

the same as the mean jump lenght for hydrogen diffusion in the compound
T ln aZr/i ,CrMnH_(l • 2,8 • 4 A ) v '. This means that for Q values larger

u»° "»*o-i *
than 2.1 A , only a fraction of a diffusion lenght is expert mentaIy
observed, giving a quasielastic width that depends strongly on the local

Jump frequency.

For a complete analysis of this motion, an experiment with more re

solution in energy is needed. This may be accomplished simply by using

a narrower incident line than that used In this work. This problem is of

Interest since It is expected that by this way it is possible to est£

mate the activation energy for diffusion by observation of the localized

motions Istead of the long range diffusion which needs an experiment

with very high resolution, difficult to obtain with medium flux reactors.

CONCLUSION

In spite of the fact that it was not possible to Isolate the com



ponent of the quasieiastic line due to local hydrogen diffusion on
Ti« oZr. -CrMnH,, we were able to detect the existence of these local
U,0 U,/ }

motions.

The main problem in this experiment is the re la t ive ly large distrj^

button of incident neutrons, and i t seems that another experiment with

a narrower distr ibution w i l l make possible a f u l l caracter!rat ion of the

rapid local l ied motions of hydrogen in this or another compound. Furthe£

more we believe that , by studying these motions I t is possible to ob

tain the three important parameters which are often determined through

the analysis of the long range di f fusion: the mean jump lenght, the

mean time of stay and the activation energy for d i f fus ion.

REFERENCES

I . SPRINGER, T. Quasielastlc neutron scattering for investigation

of diffusive motions In solids and l iquids. Ber l in , Springer-

-Verlag, 1972 (Springer tracts in modern physics, 6 4 ) .

Z. TUPLER, J . ; BERNAUER, 0 . ; BUCHNER, H.; SAUFFERER, H. Development

of hydrides for motor vehicles. J . Less-Common Met . , 8g:519-26,

1983. " ~

3. HEMPELMANN, R.; RICHTER, D.; HEIDEMANN, A. Hydrogen mobil ity in

T l . «Mn. g Hydride: a quasielastlc neutron scattering study. J .

Lass-Common Met. . 88:*<t3-51. 1982.

k. NOREUS, D. * OLSSON, L.G. The structure and dynamics of hydrogen

in Mg.NIHjj studied by e las t i c and Inelast ic neutron scatter ing.

J . Chem. Phys., 78(5) :2» l9-27. 1983,

5. NOREUS, D. ft OLSSON, L.G. The structure and dynamics of hydrogen

in LaNi-H^ studied by e l a s t i c and Inelast ic neutron scatter ing.

J . Phys. F. Metal Phys.. 13=715-27, 1983.

6. MARSHAL, W. 4 LOVESEY, S.W. Theory of thermal neutron scatter ing.

Oxford, Clarendon Press, 1971*

7. CHUDLEY, C.T. ft ELLIOTT, ft.J. Neutron scattering from a l iquid on

a Jump diffusion model. Proc. Phys, Soc. 77:353*61, 1961.



8. HEMPELMANN, R.; RICHTER, D.; PUGLIESI, R.; VINHAS, L.A. Hydrogen

diffusion In the storage compound TI. gZr» -CrMnH,. J Phys.t
F. Met Phys. ]£:59-68, 1983.

9. MESTNIK FiLHO, J. Estudo das vibrações e movimento» localizados ri

pidot do hidrogênio no composto armazenador TÍ. «Zr- «CrMnM. por

espalhamento de neutrons lentos. (Tese de doutoramento, Instltu

to de Pesquisas Energéticas e Nucleares). São Paulo, 1987.

10. MESTNIK FILHO, J.; VINHAS, L.A.; FULFARO, R. An alternative *»

thod of determining chopper transmission function. HueI. Instrum.

Methods Phys. Res., A, 22<t; 1*9-52, 1984.

11. MESTNIK FILHO, J. t VINHAS, L.A. VIbratlona) localized motions of

hydrogen in the storage compound Ti. gZr, .CrHnH. studied by slow

neutron inelastic scattering. São Paulo, Instituto de Pesquisas

Energéticas e Nucleares, Aug. 1988. (1PEN-Pub - 19*).

12. HERDADE; S.B.; AMARAL, L.Q.; RODRIGUEZ, C ; VINHAS, L.A. Experl

mental study of a curved silt slow-neutron chopper and tlme-of-

-flight spectrometer. São Paulo, Instituto de Energia Atômica,

1967. (IEA-Pub - 136).



10

tooo

K>00

90 100 180 tOO

time of flight channel number (i«ps)

Time of flight distribution of neutrons scattered on rifl -Zr .CrMnH

at 86 degrees scattering angle and 373 K sample temperature.
path - 3.15 m. Time per channel - 16 ps.
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Figure 2:

Time of flight distribution of neutrons scattered quasietastlcaly on

86 degrees scattering angle and 299 K sample temper

result of a fit of the elastic line to data pointsature. Full curve

(no broadening).
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Figure y

Tine of flight distribution of neutrons scattered quasleiastlcaly on

Tl- 0ZrA -CrMnH, at 86 degrees scattering angle and 398 K sample tempe£
9,9 9,2 )

ature. Full curve • result of a fit of the elastic line convoluted with
a 1$ peV half width half maximum lorentzlan curve.


