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ABSTRACT OF DISSERTATION 

A RESON ANT ULTRASOUND SPECTROSCOPY STUDY OF 

HYDROGEN-ABSORBING INTERMETALLIC COMPOUNDS 

Resonant ultrasoimd spectroscopy (RUS) has been, itsed to study four different 

hydrogen-absorbing intermetallic compounds. A fundamental study of the properties 

of hydrogen .motion, within a host metal lattice was undertaken, on two different Cl 5 

Laves-phase compounds. These results have been obtained by determ ini,ng the 

ultrausonic attenuation as a lujnction of temperature from low te.mperatures (~0.5 K) up 

to room temperature and above. The hydrogen-absorbing .mtermetallic com.poimds, 

TiCri.g and LaNis, were studied along with La,"Al-Ni alloys. The tem.peratujre- 

dependence of the polyc.rystalUne elastic moduli we.re determi.ned .from 3-410 .K and 

used to calculate various elastic param.eters.

Ultrasonic techniques have been used to study 11(D) .motion in. TaVaHojg, 

TaViDo.n and TaVaDo.so? providing strong evidence for the local quantum lutin.eling 

of hydrogen in. Laves-phase ma.teria.Is, motio.n that remains extremely fast even at 

very low tein.peratures. For all three m.aterials, a relatively large attenuation peak i.s 

observed near room lemperatiire for measurement frequencies in. the .range of 1 .MHz, 

This peak is associated with H(D) hopping between hexagons of g- sites, the rate- 

limiting step for long-range d.iffusion. .Much sinaller attenuation. peaJi.s ait; observed 

for both H and I) .in each .material at low temperatures and attributed to local ni.otion

111
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withii.i a hexagon o f g  sites. These peaks exhibit totally noti-classical behavior, with a 

large isotope effect on the H(D) motion. The relaxation rate is satisfactorily de­

scribed by a non-classical expression, with a tcunperature-depetTident mobile popula- 

tion of H(D). The panuneters describing this motion for TaViDo.so are in agrcem.ent 

with NM.R spin-iattice relaxation m,eas'uremen.ts at higher temperatures. The 

relaxation rate for TaViDo.n is somewhat faster than that for TaYaDo.so- Also, the 

relaxation rate for H is over an. order of magnitude faster than, that .for D for sim,ilar 

concentrations. The va.lue of O. i eV was found :for the coupling param.eter betwee,n. 

iEtra-hexagon g  sites and strain., a parameter for which n.o information was previously 

available. The low-temperature loss peak due to the local motion of hydrogen had 

not been seen prior to these measurements. Although this indicated a strong isotope 

effect, it was only possible to speculate as to why this peak, was not observed. Ihe 

current observation, o f the low-ternperature peak for TaVaHo.is provides convincing 

details concerning the local motion of hydrogen., including param,eters for the 

extremely fast hydrogen motion and a consisteot explanalioii of the strong isotope 

effect.

Previously undetected attenuation peaks, not associated with the local or long- 

range motion, of .H(D), are observed at an, iiitermediate-temperatiire range as well, and 

are attributed to an order-diso,rde.r transition of H(D). It seems likely that this transi­

tion is related to the teniperature-dependence of the m,obile population.

U,lt,rasonic .measurements also were made o,ti the Laves-phase inalerial 

ZrCr2H(D)x with x(l-i) = 0.09, 0.15 and 0.31 and x(D )« 0.12. Attenuation peaks 

associated with H(D) motion between g-site hexagons are observed in all of these

IV
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materials for ineasiirement frequencies o f approximately 1.5 MHz. A large isotope 

effect is observed, which is interpreted in, terms of qiumtum mecha,nica.l :mechanis.rns 

o f diffuskm. In tie  temperature raige o f our m,easurements, the clom,in,ant mechanism, 

appears to be tunneli,ng transitions between ground states. This type o f ,motion has 

been discussed theoretically. However, little evidence kis been, reported i,ndicatmg 

the existe.nce of this mechanism for motion. The current, .results provide strong 

evidence for this novel mode of hydrogen diff'us,i,on. The s,hear modulus of 

ZrCr2,Ho.o9j ZrCrjHo.is and ZrCriDo.ij, also has been measured, A small shift is 

observed in, the modulus for each malerkiJ at a temperature corresponding to the 

relevant peah, in the ultrasonic loss, which is consistent with the interpretation that 

these peaks are due to H(D) relaxation.

In a more applied, study, the elastic moduli of polycrystalline I lC ru  have

been, m,easurecl over the lempe,rature range of 3 410 K. The .moduli display a .normal

temperature-dependence, approaching 0 K with zero slope and decreasing linearly 

with tem,perature at higher iem,peratures. The Debye temperature, calculated from the 

m,easiired moduli, is found to be 500 K. An elastic energy contribution, to the 

enthalpy of .fomiation has been calculated from the present measurements and 

com,pared to the thennodynamic results. The eompariso,n suggests that the electronic 

contribution to the enthalpy of form,atioii is comparable in raa.gnitude to the elastic 

contribution, but opposite in sign. Measurements such as these are useful to th,eorists 

for electronic structure calculations and for a complete understanding of hydrogen- 

.metal materials.
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Temperature-dependent measurements also have been made on poly- 

crystalline LaAljsJ îj,.* with x ranging Irorn 0 to 1, The elastic moduli have been 

determined and corrected for porosity so that values expected l.br the llilly-dense 

material were found. The temperature~depen.dence in this case also resembles that of 

ordinary metals. Poisson’s ratio is nearly temperature-independent with a value 

around 0.31. Our experimental values for the room-temperature sh,ear and bulk 

moduli are in good agreement with theoretical values. 'lTi,e acoustic contribution to 

the Iow~temperatiire specific heat is calculated. 'Fhe Debye temperatures, calculated 

from the 3 K moduli, are in good agreement with values reported from heat capacity 

measurements. 1’he results o f this work should prove useM in disceriiiiig trends or 

correlations that could help in the selection of new metai-hydride malerial,s.

Jennifer Eve Atteberry 
Physics Department 

Colorado State University 
Fort Collins, CO 80523 

Spring 2004
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Chapter 1 

Introduction

• 1 .1 Motivation for Study

• 1.2 Hydrogen™ Absorbing liiternnetallic Com.pouods

» 1.3 Revi ew of Elasticity

•  References

1.1 Motivation for Study

The elastic constants that describe the response of a material to a small 

applied stress are dependent on. the nature o f the i,n.teratomic potentials.* Because of 

this, any physical property of the material that is related to the lattice can affect the 

elastic properties. Also, properties that interact with sound waves or with phonons in 

the material can change the elastic response or the elastic energy dissipation. For 

example, the free electrons in a metal can interact with the propagation of sound 

waves, causing elastic energy dissipation. With the onset of superconductivity the 

electrons pair up, dramatically decreasing the energy loss, resulting in, a m,easurable 

effect on the tiltrasonic loss of a metal due to siipercondiictivity

The presence of a light interstitial ato,m within th.e host lattice can. affect the 

elastic constiMits in several, ways, iiicktding th,rough expansion of the lattice,^ tli.roii .̂i 

electronic e.ffects,'̂ ' and throiigh re-orientatioe under the application of a strain.’’ An 

example of measurement of this type of change will be discussed in Section 3.3 for
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ZrCr2 upon the addition of hydrogen anti deiUerium. The motion of a light interslitial 

atom or defect witfiiii the host lattice can also affect the elastic energy abso:rption of 

the host material, most notjceably througli the attenuation of sound within the sample. 

Examples o f these types o f measurements will, be discussed in Section 3,2 for TaVa 

with hydrogen and deuterium ,motioe. among in,terstltial sites and in Section 33 for 

similar motion within ZiCra. llie  energy necessary to introdtice hydrogen into a 

metal lattice is directly dependent on the elastic moduli. The.refo.re, elastic properties 

o f potential hydrogeii-storage materials or battery materials are import,ant for .material 

characterization. An example of the application o f these measurements will be 

described i.n Section 4,2 for TiCrj.g and k  Section 4.3 for La-AI«Ni alloys.

The connection of elasttc properties to Ihemal properties is .made through the 

Debye theory.'^ The Debye temperature and the acoustic contri.biition to the low- 

temperature specific heat can be calculated fro.in the elastic moduli. Also, the 

anharmonic nature o f th.e lattice results in tem:perature-depe.odence of the elastic 

constants.^ Temperature-dependent studies can reveal phase transitions/’* unusual 

electronic effects^ ’̂*'® and evidence for the anharmonic nature o f the interatomic 

potentials.

1.2 Hydrogen-Absorbliig .laterHietallk CompouiMis

Metal,-hydroge,n materials are important for a nuitn.ber o f technologi.cal 

reasons, primarily related to energy storage and battery applications. Interest in

in.te.r.metall.ic compounds has grow.n. due to their ability to absorb considerable 

quantities of liydrogeo. This work reports studies on iiitenn.elallic ABs compounds 

and CIS Laves-phase ABa compounds. In these formulas, A represents an. early
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transition, or rare-eailh metal Uiat has a strong affinity for hydrogen and B represents a 

later transiti.oii metal with a weak,er affinity for hydrogen. All of these ,materiais are 

able to absorb fairly large atioiints of hyd,rogen. reversibly. In particular, the Laves- 

phase cofn,pt>uiid TaVjHfD).* forms stable homogeneous ».lid so,lutic«iS with H(D) up 

to a maximum concentration of x ~ 1.7.*'

,A'mong other interestmg topics of theoretical sign,ifi,caiice, the diffusion o f a 

light interstitial atom, such as ,hydrogen poses challengmg theoretical, problems.®^ The 

local environ,m,ent €>f hytlroge,o in, i,ntermetallk- compounds is often complex due to 

the large variety o f interstitial sites in these compounds. Studies of the diffusion, of H 

throughout the host lattice along with quantian-ni,ec,han,ica! effects seen in, this motion 

have been active areas of scientific inquiry.^"’ Information about the diffusion of 

hydrogen within two I,aves-phase iEtermtetaJ,lic compounds has been deter,m,tiied 

through ultrasonic techniques and will be p,rese,nted ,in Chapter 3.

Materials th,at can store such large amounts o f hydrogen are also of interest in 

the new focus on a hydrogen economy, pajrticiilarly for application to automobile 

power. Peter Hoffman notes, “The difficulty lies in how to carry hydrogen, onboard a 

vehicle... Will hydi'ogen be carried in a metal, hydride...? As a compressed gas in 

tanks.. As a cryogenic liquid...? Or will ,it be extracted from a carbonaceous fuel 

such, as gasolin,e.. or from m,ethaiiol. , Although the large weight of ,m,etal- 

hydiides limits their applicability, the advantages related to safety and capacity keep 

these materials among the list of possible soliitkms to the hydrogen sto.rage problem,.

Being able to move hydrogen easily in and out of ho.st intermetallic 

compounds is imporiant also for batteiy app!ica,tions. Rechargeable Nickcl-Metal-
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Hydride (Ni-M-H) batteries are used extensively today to power laptop computers, 

digital cameras, ceJJidar phones and other weight-limited devices. One impciirtanl' 

property in the process of hydrogenation is the plateau pressure, the hydrogen 

pressure in the relatively flat regioa of the pressure-coraposition isolhenn. Alloys 

such as LaM;fNi5.x where M represents a metal atom that substitutes for Ni, are 

cotninoiily used ia applications because they exhibit a decrease in plateau pressure as 

comp£ired to LaNis.*^ Elastic studies on these materials, such as those reported here, 

are useful, for an evaliiatio,n of the elastic contribution to the hydrogen-hydrogen, 

interaction ene.rgy*  ̂and the elastic energy associated with the precipitation of 

hydrides.  ̂ Hie lattice constants of the hydride are asually diflerent tiaii those of 

the host material res'ulti,ng in strains. These strains result in an elastic energy 

that affects the fomatioii and decomposition of Infonnation

about the elasticity o f the technologically important hydrogen-absorbieg compounds 

LaAIjcNis-x will be presented in Chapter 4.

1.3 Review of Elasticity

1.3.1 A Brief History

The elastic properties of materials provide the basis for imderstanding many 

of their physical characteristics. The beginning o f this understanding occurred when 

someone first asked the question., “What happens when you apply a force to a 

material?” Does it bend? Does it break? How does it bend? How can we describe 

the be,nd,ing? Ga,lileo Ga]jle,i gets the credit for being the first person in. recorded 

history to ask a.ny such elasticity question in a meaningful way.̂ "* He proposed what 

is now known as Galilei’s problem, in which he asked, “At what point will a beam
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fracture under the force o f its weight?” As the magriititde of tlie applied force 

increases, the type of deformation of the betim chtinges. In the elastic region of 

deformation, llie object returns to its original form after the applied force is removed. 

Therefore, an elastic body is defined as one in which every point in the material 

returns to its equilibrium position, after being subjected to a small stress. 'This type of 

e.!astic deformation, is described by Hooke's .Law. Expressed in 1-D, the 

displacement from equilibrium, x, is propo.rtio.nal. to the applied force, .F, in the 

following way:

F  = --fa (1)

where k is the constant of propo.rtionali.ty. Robert .Hooke first published his law in 

1678.^^ .Many of the years IMlowiag Hoo.ke's statement of proportionali.ty saw 

experiments performed using his law and theories propound,ed attempting to groim.d 

th.e law in mathematics. George Gabri.el Stokes' nn.e.moir of 1.845 is given, credlt^^ for 

the physical basis of generalizing Hoo.ke’s law for a solid body.

1.3.2 Theoretical Backgroun.d

The generalization of F4 . (1) in 3-D also results in a description of foe elastic 

body by elastic constaii.ts. ITie resulting generalized Hooke’s I..aw has the form,

=■ (2)

where is an element o f foe stress tensor, is an ele.in.ent of the strain, tensor, an.d

the Cijij make up a fourth-rank elastic con.stan.t tensor. The stress tensor can. be 

defined by a force per iu.iit area in the i direction on a plane of atoms with the normal 

to the .surface in the,/ direction, in. the following way/'"*

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(3)
AA.J

The strain tensor describes the deformation of the solid as a differential displacement 

with .respect to direction, in the following way, '̂*

1 cIm, duj
(4)

where die «/ are components o f the displacenieol vector for a ptiiiit with position Xi. 

The elastic constant tensor has 81 possible denients. General co.nstrai:nts, such as no 

exte.rnaJ, body torques and equality under an exchange of subscripts, reduce the 

n'umber o f elements to 2 1,. This is the nura,ber of moduli necessary to describe a 

tridinic material, with the maxinraii.n amount o f elastic anisotropy. Increasing the 

symmetry of a solid reduces the number o f uidependent elements further. '̂* In fact, 

for a material, having maximum symmetry (an elastically isotropic material) there are 

only two independent elements of Ci0 . Two different constants are necessary 

because a solid will resist a change in volume and a change in shape.

Different representations of the elastic .moduli of an isotropic material may be 

chosen, llie  polycry’sta!iin.e materials studi.ed in., this repo.rt are elastically isotropic 

and are piimarily described by the shear modulus (G) and the bulk modulus ( B ) .  The 

bulk modulus describes a change in volume without a change in shape, as pictured in 

Fig. 1 .,1. This type of deformation is called a dilatation. 'I'he shear .modulus describes 

a change in shape without a chan,ge in vol.um.e, as pictured in. Fig. 1.2. .Any general 

body de,form.alion can be factored into a dilateticm and a shear. Therefore, B and G 

fomn a funclatneiital elastic~coo.stent pair.**
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±

Figure 1.1 Representation of preserving shape while changing volume. This 
type of deformation is described by the bulk modulus.

Figure 1.2 Representation of preserving volume while changing shape. This 
type of deformation is described by the shear modulus.

The measurement technique of resonaiil ultrasound spectroscopy, described in 

detail in Chapter 2, determines the aggregate ela.stic moduli, Cn and C44. C44 i.s the 

normal shear modulus, G, described above. From Cn and C44, the polycrystalline 

shear modulus (G), bulk modulus {S), Young’s modulus (E) and Poisson’s ratio (v) 

can be computed using the equations
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/■*

3 C „ - 4 C
B 44

i t=C 3C„ -4C ,44 (5)
44

y  •=

‘ - - I J

„  'yr^ J ] 44
2 (C„ - Q 4)

Young’s modulus, E, is defined as the ratio of the stress to the strain, in the direction 

of an applied, uo.iaxia! stress. An example of the deformation associated with E is 

shown in Fig, 1,3(a). Poisson’s ratio can also he de.ftned, by such, a situation, shown 

in Fig. L3(b), where v is the negative ratio of the transverse and longitudinal sti’ains 

(fc-j and ŝ  respectively).

(a) 1
1 1
f I
i 1
1 1
1 1
1 1
1 1
1 1

I
a n

(b)

I loogitudinal

Ltransverse

Fig. 1.3 (a) Representation of th,e type of defo.rmation described by Young’s 
modulus, (b) .Illustration, of deform.ation associated with .Poissoii’s ratio.

In a real material, vibrations damp out over time due to intri.nsic losses. We 

can take this into account by introducing a complex; elastic constant into Hooke’s 

Law,̂ ® A complex force constant represents one way to introduce loss. Hie

:followin.g disciissio:o corres'poiids to the argumerits in. Ref. 26. For the damped,
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driven oscillator in. I-D, the resulting equation of molioii is

m -jY  = - t x  + , (6)
at' '

where m is t,he mass, x is the dispJacetiient from eqiii.iibriuin, k' ~ fc, + il j  is the new 

com.plex elastic co.nstant, and is the driving terra. The steady-state solution to 

Eq, (6) is X = L(m)e'̂ ''̂ e'̂ ”, where 0  is a phase s.hi'ft and

+ f e / w )  )

Tltls equation exhibits a resonant response centered around the imdamped resonance 

frequency, . Near resonance, the width of the lineshape^'^ is approximately

Am = Q\̂ k2 / . The loss is related to the width through the fector, Q, by the 

defi.tiition o f th.e loss as l /Q  where Q = / Am. Therefore, the loss is the ratio of

the imaginary part to the real part of the elastic constant,

6 ' = - ^ .  (8)k,

A significant cootributioti to the ultrasonic loss is due to the time delay 

between 'the application of a stress and the response of the material to the value of 

stress applied. This time delay can be due to the reo,rientation of a light interstiti^il 

atom, in the host material. .For examp,le, hydrogen hopping has been studied by use of 

ultrason,ic attenuation i'O many systems. The motion of a hydrogen isotope between 

neighboring sites can be affected by 'the application of a timc-deperidcnt stre.ss. 

Aiidastic relaxation^’ occurs w.hen nearby iiiters'titial sites are affected di'fl:ere,ntly by 

this applied stress causing the hydrogen to relocate to sites of lower energy. When
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the applied ultrasonic frequency is comparable to the hydrogen hopping rate, the net 

effect is dissipation of the input energy. Modifying the slress-strain relation to 

Inciude simple exponentifil relaxation with a single relaxation time, r, yields

a + T —  = CnC + C,, — (9) 
a  ' '' dt

where C r  and C k i  are the relaxed and unrelaxed elastic constants, respectively. In our

measurements, we apply an osciiiating voltage (with ultrasonic frec|iiency,/= m /2jr)

to a ti-ansducer. The transducer oscillates mechanically in response to the osciiiating 

voltage. As a result, stresses and strains are induced in our samples that can be 

represented by the following expressiojis

a (& j)  = a{fa}e‘'", (10)

€{m,f) = s(ei)}e‘'’*. ( 11)

Substituting Eqs. (10) and (11) into Ek|. (9) yields a((») = (T({a)e((o) where C*, the 

complex elastic constant is given by,

f*  ^ p  . 5".« , u r  -  r  \  ̂ n
l + e? r  1 + 0  T

Tlii.s is a complex elastic constant of the form C* = C, + iC .̂ Therefore, we have 

shown that including a non-zero response lime for the material results in a complex, 

frequency-dependent elastic constant. Using the analogy with Eq. (8) we find that the 

loss due to relaxation (relaxation-attenuation) i,s

where we have ignored both the second term in Eq. (12) as compared to the first as 

well as the distinction between C.\/and C]\ in the denominator. The quantity Ac/c is

10
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usually referred to as the relaxation strength, where Ac = C,, - C /f  It can be seen

from Eq. (13) that there will be a peak in the loss when the ultrasonic frequency is 

approximately equal to the relaxation rate. In other words, the amplitude oi'the loss 

is a mijximum when the quantity mt w 1. The relaxation causes an associated change 

in the real part of the chistic constant, found from the first two terms of Eq. (12), 

which is

2 2
& = (14)

l + mh"

'Iliis is seen as a step in the elastic constant (and resonance frequency) as a function 

of temperature when the quantity w 1. An example of a peak in the loss accompa­

nied by dispersion in the resonance frequency, due to anelastic relaxation of 

deuterium, is shown in Fig, 1.4 for TaV2Do.so-

The procedure for determining Q from our measurements is described in 

Section 2.3. Chapter 3 describes two different materials in which the ultrasonic loss 

provides significant information about physical processes of hydrogen and deuterium 

motion within the host structure. Different expressions m-e discussed for the 

reiaxation times and fit parameters are found for the H(D) motion. Evidence of 

dispersion in the resonant Ifequencies and the shear modulus is given. Chapter 3 also 

discusses an expression for the reiiixation strength, including its dependence on 

hydrogen or deuterium concentration.

11
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Figure 1.4 Temperature dependence of the rcsonatit frequency and attenuation of a 
mechanical eigeiimode in TaV2Do,5o. The attenuation and dispersion are due to the 
anelastic relaxation of deuterium.
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Chapter 2

Experimental Details

• 2.1 History of Resonant lJ]trasoun,d Spectroscopy (RUS)

• 2.2 RUS Measurement Technique

• 2.3 Resonance Peak Analysis

• 2.4 Elastic Constants from RUS

• 2.5 Temperature-Dependent Measurements

• References

2.1 History of Resonant Ultrasound Spectroscopy (RUS)

Resonant ultrasound spectroscopy (RUS) measuures vibrational eigenrnode 

frequencies for solid samples of well-defined shapes.’’̂ ”'’ From a small number (20 -  

50) of the lowest of these frequencies, the full set of elastic constants for the solid can 

be determined.'*'''’ By analyzing the resonance peak lineshapes, the quality values (Qs) 

can be measured to derive the ultrasonic loss.^ Details of the RUS technique and 

analysis will be discussed in. Sections 2.2 -- 2.4.

A short 37 years after the theoretical grounding of a generalized Hooke’s 

Law, Fiorace Lamb 'tackled, and solved, the analytical solution to the vibration of an 

elastically .tso'tropic sphere,**' Pioo,eers in, the application of this solution (and in the 

develo'pme.nt of RUS) hail ifom the field of geophysics, in which the vibrations of the 

earth, modeled, as a sphere, are of great interest. As the theory developed and
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computers became faster and more powerful, RUS expanded and evolved.®

Currently, crystalline, polycrystalline, quasi-crystalline and amorphous materials with 

a variety o f possible shapes (parallelepipeds, spheres, cylinders, cones, ellipsoids) and

a variety o f elastic symmetries (isotropic to ntKmoclintc) have been, meinsured with 

RUS to determine the material’s lull elastic constant tensor.

2.2 RUS Measurement Teclini<|iie

Over the course of my studies in the Ultrasonics Laboratory at Colorado Slate 

University, 1 have made RUS measurements on samples shaped a.s recbingular 

parallelepipeds (RPs), right circulai’ cylinders (cylinders), and approximately 

spherical solid droplets (spheres). Different experi.nien'tal difficultie.s are associated 

with each type of sample. All of the materials we .study in the Ultrasonics Lab are the 

result of collaborations with others who fabricate the materials using their own 

facilities. fJarly in my graduate work, we received cylindrical copper alloy .samples 

from Ansonia Copper and Bras.s, hoping to investigate the results of extrusion, on the 

elastic properties of a metal. Although the results were inconclusive, it gave me an 

opportunity to experience dealing with cylindrical samples. The major difficulty 

encoimtered was due to the degeneracy of modes from the circula,r cross-section. If 

the sample Ls not perfectly circular, degeneracies may split, confusing the 

detennination of resonance peaks. Also early in my graduate work, we recei ved 

semi-spherical solid droplets ofTi-Zr-Ni quiisi-crystals from, Washiftgto,ii Universily 

.in St. ,Loui.s, Missouri,. Our lab is .not currently set up to polish spherical .samples 

accurately. The resulting difficulties were similar to those with the cylindrical 

samples. Since the samples were not perfectly sp.hcrict%,i, modes that should be

16
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degenerate were in feci split. However, determining which modes were split tind 

which modes were degenerate was an intractable problem. The majority of samples 

that we receive from collaborators arrive in the form, of button, ingots. '.rherefo.re, the 

majority o f our samples are cut and polished into highly accurate RP.s, with each of 

the three dim.ensioiis different fro,m. the other two. This eliminates most of the 

problems with degenerate modes and with error accimiulatio,n due to inaccurate 

shape. Sample preparation begins with a measurement of the mass and rough 

measurem.ent of the dimensio,n,s of the irregularly-shaped ingot. The sample is then 

cut into an. approximate RP using a low~speed diamond saw, shown, in Fig, 2.1.

■

Figure 2.1 Low-speed diam.ond saw used to cut an approximately 
parallelepiped-shaped sample.

Using steel shims mounted a..rouod the sample on an optically flat surface,’ as s.hown.

in Fig. 2.2, the top surface of the sample is ground and poli.shed down to the

dimension of the shims. Choosing a set of shims with a smaller dimension, the

sample is turned over and again ground and polished down. T.hese two opposing, 

parallel sides are then held tightly between the next set of shims in order to polish an

17
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adjacent side in a perpendicular orientation. The process continues until all six sides

are smooth, with opposing sides parallel and adjacent sides perpendicular, prodiicing 

a highly accurate RP. The accuracy is judged visually by examining the sample 

under a microscope. ITie accuracy is also judged in the RUS fitting procedure by 

observing the effects on the fitting parameters when, the dimensions are allowed to 

vary. nii.s particular procedure will be described in .more detail in. Section 2.3. 

Finished .sample dimensions are usually 1 -  2 m.im on a side.

Figure 2.2 Arrangement of sample, shown in center, and steel shims on an optical 
flat used .for polishing.

Polished samples are placed between two piezoelectric transducers in order to

carry out the RUS measurements. One of the 1ran,sducers is used to excite the 

m,echanical resonances of the sample. The other transducer is used to detect these 

resonances. Depending on, the assembly structure of the transducers and elecl:ro.nics, 

the sample is either mounted comer4o~comer, as sketched in Fig. 2.3 and pictured in 

Fig. 2.4, or placed with one face flat o,ii the bottom transducer, as pictured in Fig. 2..5,

18
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The key reason for the difference in the sample coiifigiiratioii pictwed in Fig. 2.5 is 

that the entire face of the transdiicer is available :for direct contact with the sample.

Detecting
Transducer

Sample

Driving
Transducer

(jrounding
sheet

Grounding
sheet

Figure 2.3 Schematic representation of sample-transdiicer aitangement.

V

Figure 2.4 Picture of sample-transducer assembly previously used in the cryostat.

The new assembly, pictured in. Fig, 2,5, has many advantages over the 

assembly vve used previously. The ,RIJS experimental station, at the National Higli 

Magnetic Field Lab (N.HMFL) at Los Alamos National .Lab (.LA.NL) first developed

19
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and implemented the design. We received a picture of their setup that 1 used to draft 

plans for our own version. I machined the structure of the assembly from Stycast 

Epoxy (#1266) that was cast in our lab in the form of a solid tube. This epoxy is 

known to absorb sound at low temperatures. This is one of the distinct advantages 

gained from the new assembly. We always seek ways to cut down on sound 

transmission through the supporting structure of our assembly. Using this epoxy 

instead of a metal decreases noise levels in our low-temperature measurements.

■

■

Figure 2.5 Picture of sample-tran.sducer assembly currently used in the cryostat.

Wiring for the drive and detect transducers was changed to a gortex-insiilated flexible 

coaxial cable. Grounding has proven to be a significant issue for reliable, clean 

measiu‘em,ents. Figure 2.6 is a sketch of the details for one transducer, wired as 

shown in Fig. 2.5. The outer coaxial conductor, which is groimded, serves to shield 

the inner conductor. This grounded conductor is also electrically connected to the 

faces of the transducers that are in contact with (he sample. Since all of the saniple.s I 

studied were metallic, it is important to have these faces electrically grounded.

20
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Figure 2.7 is a schematic representation of the electrical setup including a section of 

wire representing a metallic sample.

1.5 mm

TransducerInsulating
epoxy

Conductive
epoxy

Conductive 
paint — Inner coax 

lead

Wooden
cylinder

Steel
cylinder

Outer coax 
lead (ground)

Coaxial
cable

Figure 2.6 Sketch of the details for one traasducer setup.

Another advantage of the new assembly is the flat-faced arningement of the 

sample between the transducers. As mentioned above, we fortnerly mounted samples 

in a conier-to~corner configuration,. It was thought that this arraegemeiit w'as 

necessary in order to excite all the different mecfianical modes of resonance for the 

sample. However, we are still able to detect all of the same modes with the new
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arrangement. We have concluded that the im{X>.rtant fac to r for the comer-1 o-cooier 

arrangement was actually that the sample be in direct contact with the transducer. 

Positioning a  millimeter-sized sa-m,pie on a comer between two lightly contacliog 

transducers was a difficult experimental task. The new face-to-face arran.gem.eiit has 

significantly streamlined our experimental process. It also allows us to expan.d. our 

range of sizes for samples. .Previously, a sample could be too small, to maneuver it 

into the comer-to-corner arrmige,men.t required, or too large to be stable i..n such a 

position.

Grounded shield

Transducersdrive detect

A M ^ A A ^Sample

Figure 2.7 Schematic representation of the electrical setup.

The drive and detect tran.sducers are electrically connected to a comm.ercial 

spectrometer from. Dynamic Resonance System.s, Inc. (DRS). The drive signal is 

swept through ami ultrasonic frequency range, typically 400 kHz to 4 MHz, and the 

output is amplified in the detection, stage. .At frequencies correspondin.g to the natural 

resonances of the sample, a strong peak is recorded in. the output signal. The various 

software programs that we use to record and analyze the data allow its to change the 

drive voltage, the gain of the output, the nunn.ber of data poin,ts per sweep, the 

frequency range of each sweep, the number of averages for each data point taken, and

22
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the time delay between each measurement step. Typical output ft>r a hi,gh-Q sample 

is shown in Fig. 2.8. The spectrometer is able to record the part of the output signal 

that is iii-phase with the dri ving sigo,al as well as the part that is out-of-phase with the 

driving signal. In power units, the shape of each resonance peak is Lorentdian. Each

peak is analyzed to determine the center point frequency and Q-value. Section 2,3 

describes the re.sonance peak analysis. From, the center-point frequencie.s, the elastic 

con.stants can be determined. This procedure is described in Section 2.4.

I
I

15

io

0

_i— „.p.

raV2Do.i7al91 K

U
1.84 1.86 1.88 1.90

Frequency (MHz)

1.92

Figure 2.8 Section of a typical RUS scan for a Mgh-Q sample. Five mode.s are 
observed. This .spectrum was taken at CSU on the CIS Laves-phase material, 
TaVaDo.n.

2 3  Mesoaaiice Peak Analysis

Two pieces of information, are impo.rt'anl to glean fro,m the resonance peaks: 

the center-point frequency,/©, which is related to the determination of elastic 

coiisttMits, iind, the quality value, Q, which is .related to the ultrasonic loss. As

23
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mentioned in Sectioo 2,2, the RUS techiiicjue is a phase-sensitive measurement. 

Therefore, the detected signal includes an in-phase and a quadrature part. In some 

measurement situations, this signal may be mixed with interfering signals that give an 

unwanted background to the RUS spectnun. Interference may be due to electrical 

grounding problems, vibrational noise from outside the system, or sound transmission 

through the gas surrounding the sainpie and through the sample-transducer assembly. 

In order to use all o f the information generated from our measurements, we find it 

best to fit both the in-phase and the quadrature parts of our signal as we!! as the 

background to a theoretical expression that yields the desired parameters,_/o and Q. 

From Section L3 we showed that for a damped, driven oscillator near a resonance 

frequency, the signal has the form,

=  ( 1)

where

to
L{ f )  = A -  j- ..........   (2)

is a Loreiitzian lineshape written in complex notation. In Eq. (2), A represents an 

amplitude, 6  represents a phase shift, usuaJ.ly unknown (due to unknown shifts from

electronics, transducers, etc.), between the drive voltage and the detected signal, and./

is the frequency. The background is represented in terms of an expansion in 

frequeiicy, '̂*^

(3)

with

B iJ) = b, + ih, + (4)
Jo
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where b u  h i ,  c i ,  and c z  are parameters characterizing the background signal. We do 

not keep terms higher in order than linear in frequency for Eq. (4). The sum of tlie 

Lorentzian, L, and the background, B, is w itten as

n < /)  = « ( /) - i :v ( / ) .  (5)

The detected signal is given by the real part of the total theoretical expression, 

which is

At/,I) = 'm(/)cos(2^0 -  v ( f ) s m ( 2 ^ i )  ( 6 )

where u ( f )  and v ( / )  are used to fit the in-phase and quadrature signals, respectively. 

The expressions for these quantities are

A - , / W  +
Q j  i f i - f r + ( A f / Q r  />(I

and

v(/) = - i f j !0 cose -  { A  - f ' ) sin0  c. ( /  - / „ )T* "T (8)

where a = A.{QI ). Using these expressions, we are able to fit Ae entire set of data 

available to us, both the in-phase and the quadrature signals, to obtain the same 

parameters,/© and Q. An example of this type of fitting procedure Is shown in Fig.

2.9 for a Ti-Zr-Ni w-phase crystalline approximant material obtained from 

Washington Un.iversity in St, l.oius. This sample has a relatively low 0  the .sample 

has relatively high ultrasonic attenuation at this teniperatiire.’® Currently we kwe 

two options available to us for fitting the data: a non-linear least-squares algorithm 

used in Microcal Origin and a semi-automated non-linear least-squares algorithm that 

wa.s written by Albert Migliori and Frank, Willis and modified by Dennis Agosla.
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The semj-automated program is able to compute an initial guess for the fitting 

parameters, by analyzing the input data. This feature, along with several others in the 

automated progRun, greatly increases the speed at which Q analysis is performed.

0.8
Ti-Zr-Ni material at 345 K

0.4

0.0

•0.4

- 0.8

O In-phase 
O Quadrature

fo = 0.83216 MHz 
0  =■ 1228

- 1.2

- 1.6

0.830 0.831 (1.832 0.833 0.8.14 0J35

Frequency (MHz)

Figure 2.9 "Ilie in-phase and quadrature parts of an RUS signal with a background. 
These data were taken on a Ti-Zr-Ni rr-phase cyrstalline approximant. The solid 
lines are the fits of Eqs. (7) and (8) to the data, yielding tlie parameters Q and/o.

2.4 Elastic Constants from RUS

One of the major strengths of RUS is its capability to deteiniine the complete 

elastic constant tensor, even for low-symiini.etry crystals, from a spectrum on a single, 

small sample. To determine the elastic constants, a mimber (dependent on the 

symmetry of the cry stal) of the lower resonance frequencies are measured. For 

samples that are elasticaliy isotropic, with only two independent elastic constants, 20 

to 30 frequencies are generally sufficient. The centcr-poInt lTcque,nicie,s arc
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determined by the procedure described in Section 2.3. These frequencies are 

compared with computed ones that are calculated based on an initial set of elastic 

constants. The initial values are then varied in an iterative procedure to minimize the 

difference between the measured and computed frequencies. The computational 

methods for different sample shapes and different elastic symmetries have been 

developed and Implemented by A generalized approach

appropriate for all geometries and crystal, symmetries is described by Miglio.ri and 

Sarrao' and is based on the technique of Lagrangian mitiimizatioE. '.fhe discussion 

below follows their arguments.

The Lagrange express.ion, L, for a 1-D simple harmonic oscillator is

L = KE -  PE = i mx  ̂ (9)
2 2 "

where we .have the usual expressions for the kinetic and potential energies, with, m 

being the mass of the oscillator, x  the displacement from, equilibrium and k  the elastic 

constant. Gen.eralizi.ng this Lag.raiigian for iin. ela.stic solid with volume F, density p ,

displacement vector u, and linear elastic tensor , we obtain

^ du.
L =  \ { K E - P E ) d r  =  rt Z

V dXj dx, j
dV, (10)

where o) is the angular frequency. Here i,j, k, a id  / run .from 1 to 3, corresponding 

to the three directions of space, and the components of the displacem.ent vector are 

assumed to have harmonic time dependence, given, by

«,(/) = (11)
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In order to find the equatioas of motion for the elastic solid, we wish to set the 

variation o f  the Lagrangian, equal to ze,ro, .Allowing the displacements to vary in the 

foliowiiig way,

(12)

where m is a general su.bscripl, we can find SL Breaking Eq. (10) back down into 

kinetic and potential energy terms and .making the substitution o f .Eq. (12) yields

KE + iJKE = ),
2 )

(13)

and

dXj dx, dx̂  dx, dx, dx,
(14)

to first o.rder in The second and third terms of Eq. (14) are equivalent, giving

SL = I  ^  c,j„
ij.kj

d{<%i,) du, 
dXj dx,

dV (15)

for the variation in the l.agrangian. To simplify tliis further, an. integration, by pails Is 

performed on th.e second term, which, results in

dV = ~ \ -ijki

+ z
i j , k j

Cj0

dXjdx,
L - & , .  dV

dxj V J
Su,

(16)

dV.

Using a combination of the divergence theorem and Stokes’ theorem, the second term, 

on the right hand side of Eq. (16) becomes

dS, (17)
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where n- is the unit vector nonnal to the free surface, S. Putting Eqs, (!6 ) and (17)

into Eq. (15) results in

< V oXiOXi y L! XJ.kJ /
d S .  (18)

The expressions in parenthesis in, Eq, (18) are equal to zero yielding two irajjortant 

pieces of inftrnnalion. The first expression yields the elastic wave equation. 'rh.e 

second expresses boundary conditions for a freely vibra,tin,g surfiice. Therefore, tlte «j 

that satisfy Eq. (18) are those tliat have norm,al .modes of free oscillatio.n with 

frequency ® . The Ritz method expands the w,- in an appropriate set of basis 

functions, with the result that the .resonance frequencies ca.n be calculated 

numerically. .Following the lead of Visscher,^ Migliori and Sarrao' suggest usin.g 

powers o f Cartesia.n. coordinates,

l̂ mji

where I, m, and n are three nonnegative integers. Eq. (19) is put into Eq, (10) and the 

derivatives of the Lagrangian with respect to the a/fera are set equal to zero. This 

results in an eigenvalue problem which, can be solved numerically to determine the 

resonance frequencies (eigenvalues) and the displacements (eigenvectors) for a 

particular shape. This method is flexible enough to accom.modate many different 

sample shapes (ranging from spheres to parailelepipeds). The basi.s functions can 

also be exp.ressed in. cylindrical coordinates,'''’'"' which is particularly use.ful for 

crystals with trigonal symm.ela'y. The technique descn'bcd above con,siders a s.imp!e 

linear elastic body, without allowing .for ex'terna! electric or ma.giietic 'fields.

Others'*’ .have applied 'the R.itz meth.od using a different set of basis functions
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(Legendre polynomials). Piezoelectric materials have been looked at: closely in these 

t e r m s , * ' d e t e r m i n i n g  not only 'the second-order elastic constan:te, cyM, but also 

the piezoelectric constants from resonance frequency values.

In our lab, we have 'used, the fo,rmulation o f Migliori and Sarrao* to determme 

the second-order elastic coii.stants for l,i.near elastic motion of fectangular para.llele~ 

pipeds (RPs) from a single .frequency s|3ectrum,. The .measured frequendes are 

compared with those calculated 'using 'the above technique. ITie i.n.itial va.lues used to 

co'mpute :fret]iiency are then iterated to provide a bette:r match between measureixieo,t 

and calculation. An. example of the output fT0 .ni this type of fit for an elas'tically iso­

tropic saro.ple, .having only two independent elastic constants, is shown, in Fig. 2.10. 

The red boxes enclose the :free parameters (those that the fitting procedure d.eter- 

mines): in this case, cn and C44. All of'the other coiistmits are dependent on these 

two. The blue circles enclose the input param.eters for the sample: the mass an,d the 

RP’s three dimensions. The colm-nn labeled “fex” contains the measured values of 

the resonance :frequencies, determined from fitti,ng the Lorentzian lineshapes (de­

scribed in Section. 2.3). The column labeled “fr” contains the calculated resonance 

frequen.cies, determined from applying the Ritz .method (described above). The 

column labeled “%err” contains the perce.nl difference between the measured and 

co:mp'uted frequencies. The coliim.n labeled “wt” shows what w'cighl, betw'cen 0 and 

1, 'was assigned to each measured 'frequency. The columns, “k”, “i '\  and 

“d'f/d(moduli)” ccmtain iri.fo,rma.tion about the particular feso'ftance mode and its dc- 

pc.o.de,nce on the two free tn.odu.li.
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L£iAlo,5Ni4.5 2 7 C tK _
free raodttli are{ e l l ,  
using 10 order polynomials

n fex fr %err k i df/d(motiuIl)
1 0.539170 0.535040 -0.77 0.00 4 1 0.00 1.00
2 0.723734 0.722624 -0.15 1.00 1 2 0.08 0.92
3 0.791660 0.792047 0.05 1.00 7 2 0.11 0.89
4 0.818088 0.815200 -0.35 1,00 4 2 0.00 1.00
5 0.829192 0.829515 0.04 1.00 8 2 0.01 0.99
6 0.921582 0.923919 0.25 1.00 5 1 0.02 0.98
7 0.932704 0.932696 0.00 1.00 1 3 0.26 0.74
8 0-937439 0.937431 0.00 1.00 2 2 0.01 0.99
9 0.950654 0.951926 0.13 1.00 6 2 0,09 0.91
10 0.967942 0.964295 -0.38 1.00 3 2 0.04 0.96
11 1.020700 1.023653 0.29 1.00 3 3 0.07 0.93
12 1.030720 1.028200 -0.24 1.00 5 2 0.06 0.94
13 1.0.54420 1.053587 -0.08 1.00 2 3 0.12 0.88
14 1.112180 1.118033 0.53 1.00 5 3 0.06 0.94
15 1.174950 1.169931 -0.43 1.00 3 4 0.03 0.97
16 1.253130 1.254637 0.12 LOO 7 3 0.09 0.91
17 1.293940 1.294829 0.07 1.00 63 0.07 0.93
18 1.2953.50 1.297793 0.19 1.00 4 3 0.06 0.94
19 1.313790 1.315926 0.16 1.00 83 0.10 0.90
20 1.317110 1.319004 0.14 1.00 2 4 0.03 0.97

Bulk Modulus^ 129.4 GPa

c22 c33 c23 cl3 cl2|
00.97 200.97 93.69 93.69 9 3 M2m ,97

c44 c55 c66 (GPa)
53,64 153.64 53.64

'• '4 4 4 1 4 3  II,. 17969

loop# 4 r,mserTor= 0.2213 %, changed b y -.0000009 %

chisquare increased. 2% by the following % changes in 
independent parameters 

0.75 -0.07'
0.00 0.07

Figure 2.10 Portion of the output from an RUS fit for LaAIo.sNM.s, Ci.rcled va.liies 
are input parameters for the sample. Boxed values are output elastic parameters 
determined fro,m the fit.
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Several factors that indicate the reliability of an RUS fit appear in Fig. 2.10. 

The root mean square error (rms) of 0.2213 % is one indication of a good fit. We 

generally do not triist a fit with an mis error o f > 0.4 %. Another requireinent for a 

reliable fit is that the absolute value of all the numbers in the column labeled “%err” 

is less than one. Although not explicitly shown in Fig. 2.10, another indication of 

reliability is the effect on fhe fit of allowing the sample dimensions to vary. If the fit 

i,s good, allowing the dimensions to vary should result in values Ibr the dimensions 

that lie within the ■measurement error, and values of cn? <̂’44 itnd rms error that do not 

change dramatically. Tlie last section of the output is an error matrix. The biggest 

entry in the first column is the approximate e,rror bar for cj i. The bigge.st entry' in the 

second column, is for C44. I ’hese e,n*ors are eal,culated based on the steep,ne.ss o f the 

surface of parameter .space surrounding the minim.um. The shear tnoduli usually 

seem to fit better and have smaller error bars, which is due to the fact that the lower 

frequency modes are more dependent on shear. Typical error bars for a good fi.t of 

our moduli are ~ 0.8 % for ci 1 and ~ 0.15 % for c'44. If all. of these factors indicate a 

good fit, we generally p,roceed with confidence, calculating other values of interest 

from, the elastic parameters given in the fit, or continuing our measurements over a 

range of tem.peratu,res.

2«5 Teinperati.re~l>epeiiidleiit Measureiiieiits

Ultra.sonic iiieasiirem.ents dete!TOi.ne the second-order adiabatic elastic 

constants. ITiey are adiabatic because there is essentially no exchange of heat 

between different parts of the sample during a vibratioji period. The .second-order 

elastic constants of materials are gi ven by the second derivative of a thennodynamic
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potential with respect to s t r a i n . F o r  samples in which entropy is held constant, the 

adiabatic elastic conshuits are detemiined from the internal energy, U. For an elastic 

material, in which displacements from equilibrium may be considered to be small, the 

state function may be expanded in the following way,

t  ( J  t  „  .4 .

where , A", and a-y are, respectively, the volume, position, and stress of the material 

in an initial coiifigunation, x is the final {josition, S  is the entropy and Sy is the strain. 

From Eq. (20) we see that the second-order adiabatic elastic constants are given

~~ "jy
h)

(TU
^dSydey

(21)

The internal energy, U, for an elastic solid consisting of jV' particles, vibrating with 

small amplitude may be expressed

3JV / '  I \

~ + n, ho,^. (22)
ff=! v2 /

where I/,; is the equilibrium potential energy, is an angular frequency associated 

with one of the 3Â  normal modes of vibration of the system and is the average 

number of phonons at frequency . lliis  expression is based on the harmonic 

approximation,"^ in'which both Uy and are independent of temperature and is

independent o f strain. Therefore, the elastic constants aj*e determined frono the 

second derivatives of Û , with respect; to strain, and are also independent of 

temperature.
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In order to take into account the temperaliire-dependence of tfie elastic 

constants, the Jinharmoriic nature of the lattice vibrations must be included. Cjarber 

and Granato^” have included an indirect temperature-dependence for Û  ̂ and 

through the temperature-dependence o f the lattice dimensioirs. This results in a temi 

linear in temperature at higher temperatures, with the intercept at 0 K being the value 

of the elastic constant for a static lattice. At low temperature, there is a 7̂  terra, with 

the intercept at: 0 K being at a lower vdue for the elastic crmstant (softer) because of 

zero-point effects. In metaJs there is also a coiitribution from the conduction, 

electrons. For simple ira,etals the electrons contribute a term at low tera.peratures.^"' 

These effects are shown schematically in Fig. 2.11, along with a curve with normal 

temperature-dependence for a m.etal. The overall result, .for typical m.aterials, is that 

the elastic joo.oduU approach 0 K with ze.ro slope and decrease moiiotonicaliy with 

increasing temperature. This simple picture is not applicable to materials undergoing 

phase transitions^^’̂ '* or to materials with more complicated electronic

25,26.27structures.

This work, reports tem.perature-depe.ndent RUS m.easurements over a range of

0.5 K to 415 K. Low-ternperature data (from 0.5K. to 40 K) reported in. Chapter 3 

were taken in a ̂ He cryostat at l..,ANL-NHMFL under the presence of a 1 Tesla 

magnetic field. All other measurem.ents were per.fo.rmed at Colorado State University 

in the Ultrasonics Lab. Mc®ii.reme.nts from 3,2 K, to just above roo:m te.mperature 

were made in. a commercial ^He cryosta;!; built by Ox.ford .lnstruni.ents, using a 

com'im,ercial temperature contfolkr by Coiiductus and a home-built satnple-transdueer 

a.ssembly, described i.n Section. 2.2. M.easurem.ents above room teniperature were
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Fig. 2.11 Effects on, the temperature-dependence of the second-order elastic 
con,stajnt. The solid biack Ime is typical behavior for a simple metal.

made using a co,mmercial oven and temperature controller from Lindberg. Many of 

the materials studied showed a normal temperature-dependence,^^’̂®’̂*'*”'̂ ” including 

TiCri.g and alloyed sam,ples of LaAl,Ni5-x. Fig. 2.12 shows shear ,m,oduks data for 

LaALNis-j with x = 0, 0.25, 0.50, and 1.00 over the temperature range of 3 K  to 415 

K. These data follow the expected behavior for nom al metals, approacMng 0 K with 

zero slope and decreasing monotonicaily w,itli i,ncreasing temperature.

Details of the operation of the cryostat have been reported elsewhere.^' 

Only one important a.spect for siiecessful operation w,tll be discussed, here, and that is 

the isolation of the cryostat and sample from vibrational and electrical interference. 

The cryostat itself is a “static bath” system, in which the sample space is isolated 

.from the ga.s~flow region.. This allows the sa!iip.le space to be kept at a .!ow' pressure
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Fig. 2.12 Shear modulus of polycrystalfiiie I..aAlxNi5.jc versus temperatuTe. llie  
temperature-dependence is characteristic o f simple materials.

of helium gas. For our experim.ents this pressure was kept around 3 Toit, allowing 

heat exchange between, the walls and the sample, but cutting down on any ultrasonic 

coupling through vibrational modes of the surrounding gas. Another source of 

vibrational inte.rfe,rence is transmission, of sound through the sample-transducer 

assem,bl,y. As mentioned in Section 2.2 this interference has been reduced by 

changing the material of the support assembly from, a metal, to a plastic. The plastic, 

an, epoxy, is known to absorb sound at low temperatures. ,An,y vibrations o f the 

cryostat itself also may contribute to signal, noise and interference. These sources of 

noise may be due to pump connections, cryogen tran,sfer ports, vibrations of the air in 

the room, vibrat,ioiis through the floor or support structure, etc. Co,nside,rabIe effort 

was put into ,reducin,g any background noise and i,titerfcrence from the,se sources. ,A
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sound-absorbing box was built, ami insulated in which the entire structure of the 

cryostat was placed. All access ports for pumping were connected via flexible tubing. 

The pujmping line for cooling the cryostat was immersed in a sandbox, in order to 

damp any transvei'se or longitudimil vibrations o f the line. And finally, the ci7 osl,at 

was placed on 5 Sorbothaiie feet. The Sorbothane helped to isolate the system, from 

floor vibratio,ns. In terms of electrical issues, groun,d loops and any major 

flttctualions in temperature during measurement can contribute to an, electrical offset 

or electrical noise. Grounding considerations have been discussed in Section 2.2. In 

order to acquire clean data, it ,has been found that the tem,perature must be stable 

during frequency sweeps. When Ittking m,easiirements over a large range of 

temperature, allowing the temperalure to stabilize becomes a limiting factor in the 

quality and amount of data that can be acquired. Paitiaily in order to address 

problems of temperature control, 1 have modifi,ed an automated data acquisition 

program original,ly developed by Jon Betts at I.ANL-NHMFL. This program allows 

the user to set tem,perature stability param,eters for the entire temperature range and 

leave the system to run. Being able to run the system overnight has allowed us both, 

to increase the temperature stabilization time between temperature steps and to take 

data at smaller temperature itie,rem,ents than was feasible when data was taken 

na,anually. Im,pleoien,tation of the data autoination program has resulted in, less noise 

due to better temperature stability and greater certainty in our data due to the .larger 

number of data points acquired. All of the steps that have bee,n tak,t*o, to address the 

concerns of signal interference resulted in cleaner resonance signals and lower overall 

back,ground sound attenuation and scatter as co;m,pafed to our earlier work.
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These considerations are particularly important in measiireraents of ultrasonic 

attenuation. For m.aiiy o f our experiraents, the temperatu.re-depen.deiice of the 

ultrasonic loss reveals interesting aspects of the physics in our raalerials. For 

example, for a material with a Debye-type relaxation (as described in Section, 1.3) a 

peak occurs in the ultrasonic loss at a temperature correspo,nding to the point at w.hich 

the measurement frequency is app,ro.Ki:mateIy equal to tlie relaxation frequency. 

Determination of the ultrasonic loss as a firaction of temperature can result in the 

deteiTOination, o f the hopping frequency of an interstitial atom,, such as liyd,rogen, 

between available Te.niperatiire-depeiident studies of ultrasonic loss and of

elastic moduli will be described in detail in the following chapters.
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Chapter 3

A Resonant Ultrasoiiiwi Spectroscopy Study of Hydrogen 
Motion in the 0 5  Laves-Phase Com pounds TaVz and 
Z rC r2 »

• 3.1 Background

• 3.2 Ultrasonic E^vidence for Hydrogen 1'u.niieiing in a Laves-Phase Material:
TaV2H(D,U.

® 3.3 Ullrasonic Measurements ofH(D) Effects on the Laves-Phase Material
ZrCraHCD).,. 

• References 

3.1 Badkgromnd

Recently, much interest has been shown in the study of hydrogen diffusion, in 

Laves-phase materials.* There are mao,y binary Laves-phase materials with the AB2 

stoichiometry, forming with three different symmetries: the CIS cubic, the C l4 

hexagonal and the mixed C36 structure. Many of these co,mpounds can, absorb 

considerable amounts of hydroge,n,.̂ ''*''*’*̂’*’'̂  This work focuses on the cubic (Cl 5-type) 

Laves-phase compounds. In contrast to elemental metals, the number and variety of 

ititerstitial sites in these materials leads to unusual features for the interstitial m,otion 

of hydrogen isotopes. Nuclear magnetic resonance (NMR) and quasielastic neutron 

scatteri,Qg (QENS) experiments give strong evidence for two frequencies of H(D) 

moti,o,n afD,on,g mterstilial sites. ■ > • > ’ ■■■>
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l l ie  structure of the C’l 5 Laves-pfiases is shown in Figure 3.1. The A atoms 

are shown in green and the B atoms in red. The Laves-phase compounds are 

topologically close-packed (TCP) with the structure primarily determined by the ratio 

of the atomic sizes of the two com.ponents such that they can fill space most effi­

ciently.'® The ideal ratio for the CIS materials is Ra, / R,b = 1.225. The structure is 

based on a face centered cubic (f.c.c.) lattice with the basis including two A atoms 

and 4 B atoms, as shown in Fig. 3.1. T'here are three different types of tetrahedral

V

ftettwe

Right

Figure 3.1 The f.cx. C l5 laves-phase AB2 structiire. The larger, green, circles 
represent A atoms. Smaller, red circles represent B atom,s. The basis of two A 
atoms and 4 B atoms is .shown on the top left. The other pictures, showing 
different views of the structure, are tfiken from http://cst- 
www.nji.navy.rnil/l.attiee/ma.inpage.html.
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interstitial sites, determined by 1:he surrounding atoms. Interstitials surroimded by 2 A 

and 2 B atoms are g  sites; those surrounded by 1 A and 3 B atoms are e  sites; and

those surrounded by 4 B atoms are b sites. Hydrogen isotopes usually occupy the g~ 

type interstitial sites in the CIS structure. The 96 g  sites per unit cell (12 per ABa 

form'ula unit) form a series of linked hexagons. The g-g distance for neighboring 

sites within a hexagon is usually shorter than the distance for neighboring site.s on 

different hexagons. Figure 3.2 .shows the e and g  type interstitial sites in the C l5 

Laves-phases. Several of the hexagons of g  sites are outlined in black. A 2'D repre­

sentation of these interlinked hexagons is shown in Figure 3.3, The two

Figure 3.2 The c-type and g-type interstitial sites in the CIS Laves-phase AB2 
structure. Blue circles represent e sites. Red circles represent g  sites. The g  sites 
form a series of interlinked hexagom, several of which are highlighted in black in 
the figure. (Picture courtesy of G. Majer, Max Planck Institute for Metal 
Physics, Stuttgart, Germany.)

frequencies of H(D) motion that have been observed correspond to hopping within a 

hexagon o f f  sites, with distance r.i, and between hexagons, with distance ra, where t*2 

>T). This difference between the inter-hexagon and intra-hexagon g-g distances is
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related to the ratio of the radii Ra/Kb of the elements A and B forming a cubic l.aves- 

phase AB-i material As the ratio of the metallic radii decreases, the ratio of ra to ri 

increases. The two materials studied in this work have R a  t o  R-b  ratios at the far ends 

of val ues for these intemietallic compounds. In, particular, TaVa has Ra / R« = 1.09, 

whereas ZrCrj has Ra / Rb "" 1-25.

Figure 3.3 A 2-D represen,tation of the g-type interstitial sites in th,e CIS Laves- 
phase .AB2 structure. The g  sites, sho’W'n as red circles, fonn .hexagons. The 
distance between, g sites on diffe.re,nt hexagons, T2, is usually longer than the 
distance between, g sites within hexagons, n .

The tetrahedral g  sites have a lower symmetry than the Cl 5 lattice. Therefore, 

selection rules for ai,ielastic .relaxation’  ̂permit a non-zero relaxation strength for 

hydrogen atoms in,ovin,g between .neighboring g  sites. An explicit expreSvSion for the 

.relaxation strength can be calculated for a two-Ieve! system, which, is an appropriate 

description of an interstitial ato.m such as hyd.roge.n occupying either of two nearby 

sites. A sketch of the two-level system is shown in Figure 3.4. I'he neighboring sites 

are rep.re.sented as two adjace,ot potential, wells with an energy differe,inice of 24, the 

site asymmetr)'' energy. The two wells can be described by the wavefu.n.ction.s, rp, and
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(p̂  with energies A ami -A. In the case where there is no overlap of the two wave- 

functions, these energies are the energies of'tlie system. However, it is possible that 

the two wavefunctions may overlap, resulting in a modification to the Hamiltonian 

for the system. The new Hainiltonian will have off-diagonal elements, Er, represent­

ing the adjustment to the energy levels due to tunneling. In this case, the

A Energy

Energy

Fig. 3.4 Sketch of a two-level system with (a) no overlap of the wavefiractions, (pi 
and f/?2 and (b) some overlap of the wavefiuictlom. The two-level system, is an 
appropriate description of hydrogen occupying either of two adjacent site.s.
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energies o f  the system are £+ = ± £ , with

(1)

where 2E t  is the tunnel splitting, which will be non-zero for overlapping wave­

functions.

From, Chapter I we found that the relaxation strength is given by A c /c , 

where Ac is the difference between the relaxed and iinrelaxed elastic moduli. From, 

Chapter 2 we saw that the elastic moduli are given by the second derivative of th,e 

internal energy, U, with respect to strain, s . ,Followiog the discussion, of Migliori 

and Sarrao,^*  ̂we can calculate the effect of the two-level system (I'LS) on, the elastic 

constant at zero frequency from, this fundamental definition. We start by modifying 

the energy with an extra term due to the T,LS, U (s) = [/„ (s) + U„j. ( s ) , where

includes all the interactions except those due to the two-level system,. ,From

basic statistical rnechanics,

= -nt„nn[Z(e)], (2)

where n is the density of states, fe is Boltzmann’s constant, T is the temperature and 

Z(fi-) is the partition functioti given by

Z{s) = 2 cosh
k T (3)

For the modulus, we calculate d^'U(e) / d s ", which results i,n

C — Cn
nirE^2 17'i

k,T \E .
sech,"

 E ..

 ̂kj{I J
(4)

where co is the usual elastic co,nstant, D -  BA / B s , and 5 / ds~ i.s co,nsidered to be

negligibly small. The seco,od, term is zero when the tunneling matrix element is zero.
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This purely quaiitum-inechajiical effect is related to resonant transitions between 

levels, In the frequency range o f our ultrasonic measurements, this term may 

contribute to the elastic constant but has a minimal affect on the attenuation,. 'Ilie last 

term, in, Eq. (4) is associated with, relaxation. This term arises due to the repopulation. 

of sites in response to an applied strain. In, the limit of very high frequencies, the 

system does not have time to adjust and there is n,o effect due to relaxation. The 

difference between the zero ,frequency limit (given by Eq. (4)) and the high frequency 

limit (given, by Ref. (19)) gives us Ac ,for the two-level, system. Therefore, we have 

for the reltixation strength.

-sech,'
E2 /  r. V

c k»Tc
Ac n r  . 2

\ k i i T  J
(5)

where F  = dE / ds is the variation of the energy level splitting with respect to the 

ultrasonic strain, (th,e deformation, potential). Except at very low temperatures, k g T »  

E. Therefore, for the case of a metal-hyd,rogen system, the relaxation strength, is of 

the following form*®

Ac
c kifTc ’

(6)

where n is taken, to be the concentration of hydrogen atoms participating in, the 

relaxation.

The particular mechanisms of motion of a light interstitial atom from site to 

site can, be quite complicated.^**’”* At ,h,igh enough temperatures, the particle may hop 

between, sites in a classical mftfin,e,r, with a theraially activated energy that is greater 

than the potential barrier height. At moderate temperatures, the particle is more likely
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to undergo phonon-assisted tunneling. Depending on the measureiiftent temperature 

and the particulars of the system, this motion may be dominated by tunneling through 

coincident ground states (generally at low temperatures) or by tunneling through 

excited states. Each of these mechanisms for motion requires therni,al energy. For an 

activation-type process such as this, the relaxation time, , is of the Arrhenius form.,

given by

.  -1
exp

k T\ n-1̂1
0)

In this expression, the and Eaj are generally considered to be attempt times ttnd

activation, energies, respectively. The long-range diffusive motion of H(D) in TaVa 

(from previous work^^’̂ )̂ and ZrCra (present work) has been, studied by ,means of 

ultrasonic attenuation and dispersion and has been found to follow an. Arrhenius-type 

process such as this. In the temperature range of our measurements, it is very 

unlikely that these peaks are due to over-barrier hops. The motion appears to be well- 

described by phonon-assisted turmeling betw^een ground states along with tunneling 

between excited states. Details of the results on these syste,m,s will be reported in the 

following sections of Chapter 3.

Non-Arrhenius m,echaiiisms for H motion are also possible. In particular, at 

very low temperatures, there is not enough the,rm,al energy to activate processes such 

as those described above. Tun,iielirig still may occur, perhaps due to some type of 

barrier fluctuation.^^ Variations i,n, the potential barriers seen by the H atoms may 

lead to a lon-zero relaxation rate. The exact fomi of the relaxation time for low- 

tempemture relaxation such as this is not well-known. We have evidence of such
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relaxalion, for the short-range motion of H(D) in TaVa at low temperatures. These 

results are discussed in detail, along with the form of the relaxation time, in the next 

section.

3.2 Ultrasonic Evidence for Hydrogen Tunneling in a Laves-Phase 

Material! Ta'VzHCD),..

3.2.1 Introduction and Experimental Details

For TaVz the ratio o f the metallic radii, Ra to Rb» is anomalously low, 

resuMng in a large difference between the fast jump rate and tlie slow jump rate for 

hydrogen isotopes in this material.*’' 'Ilic fast motion is o f particular fundamental 

interest because it appears to be dominated by non-classical effects, including a non- 

Arrhenius relaxation time and a temperature-dependent H population, «(I), ptirtici- 

pating in the motion.” The exact fo,mi of this temperature dependence and the origin 

of the effect are not well known. Recent ultrasonic measurements^'*’̂ *'̂ ’’ have 

indicated a strong isotope effect on the fast, localized motion. A low-temperature 

attenuation peak was observed for D in TaVa, but not for H. Two possibilities were 

suggested^  ̂ for the lack of a peak for H: the absence of a mobile H population at the 

low temperatures of the experiment; or, the H motion remained much faster than the 

appro.ximately 1 MHz frequency of the ultrasound down to helium temperatures. The 

aim of the present work was to further explore this intriguing low-temperature motion 

using improved ultrasonic methods. Ultrasonic experiments are ideal for probing the 

Isotope effect because H and I) couple to 'the ultrasound in the same way, in contrast 

to other probes such a.s NMR and neutron. scatterio,g.

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TaV2 exhibits other interesting behavior that can be investigated by iiltrasooic 

techniques. Previous on the TaVaH'CD)* system w th  a-(D) > 1.30 and x(H)

>1.15 have indicated an order-disorder transition below 150 K associated with the 

long-range ordering of H(D) on the g  sites. It: has been suggested that .for lower con­

centrations, some ordering -- perhaps on a local scale -  would still e x i s t . I t  is 

possible that this ordering is connected with the low-temperature, local motion by 

contributmg to the decrease of the mobile }X)pu!ation as the temperature is lowered, 

ITie present work is ati extension of earlier studies of ultrasonic attenuation in 

TaV2H(D)jc-̂ '*’̂"̂ As described in Chapter 2, improvements were made in the equip­

ment that have allowed higher sensitivity in the atteniiatioti measurements. We report 

new uItraso:nic attenuation ra.easure:raents of TaVaHo.is over the range of 0.5-100 K 

and of TaViDo.ir over the range of 3-100 K. Also reported are results :for TaVaDo.so 

over the temperature range of 3-340 K. Measurements from 0.5-40 K on TaVa'Ho.ig 

were made in a 1 Tesla magnetic field. A large attenuatio:n peak near room tempera­

ture was observed previously^'*’"̂  in 'raVil'hand TaVaDo. i,?, and is associated with the 

slower hexagon to hexagon hopping of H and D atoms. 'ITie present work reports a 

similar peak for TaVaDo.so- A second, much weaker attenuation peak, is observed at 

low temperature in the deuterated materials amd is attributed to the fast, local, ,motion 

of D. Such a peak was previously seen in TaV2Do.i75 although there was too much 

scatter in the data to pe:miit a quantitative analysis. Newly seen in the curre:nt 

,roeasureraents is am, even weaker peak (an order o f magnitude smaller than the low- 

temperature peak in the deuterated materials) at tow temperature in the hydrogenated 

m,aterial. The current ,mea.suremcnts also indicate a small atte,nuatioii, peak at
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intermediate temperatures. This latter peak is consistent with the phenomenology of 

an ordering transition.

Polycrystalline ingots of TaV2 were prepared by A. V. Skripov et a/.® by arc 

melting appropriate mixtures of the high-purity constituent eleraents in an argon 

atmosphere followed by various annealing procedures. The TaVa material was then 

loaded to varying concentrations of H or D to form TaV2H(D)* as has been described 

previously.^*'

Using the experimental technique of Resonmit Ultxasoimd Spectroscopy 

(RUS) the 'ultrasonic attenuation and resonant fi-equencics were measured 'for 

TaVaH'o.ig, 'raV2Doj7 and TaVaDo.so- As described in detail in. Chapter 2, with the 

RUS technique, piezoelectric transducers a.re used to excite a .large mimber of the 

lowest-frequency vibrational eigenmodes i'li samp,les of well-defmed shapes, such as 

rectangular piiral.lelepipeds. Samples were prepared by cutting approximate paral­

lelepipeds from the button, ingots using a low-speed diamond saw. These w'ere 'then 

hand-polished into accurate rectangular parallelepipeds suitable for the ul,trasonic 

measurements. Sample edge dimensions and im,asses were 1-1.8 min an,d, 16 to 22 mg 

respectively. Lithium-niobate compressional-mode transducers were used to excite 

and detect the mechanical resonances. M.easureinents on TaVaDoj? fro,m 3-100 K, on 

TaVa'Do.so from 3-300 K and on IWiHo.is fro,m 40-100 K. were made using a 

commercial cryostat and temperature conlroller, with 'the sample in a low vacuum (3 

T oit) e,n'vi'roiiinent of helium gas. As described i,n Sections 2.2 and 2.5, the sample 

raoun,ti,ng stage was 'redesigned for this experime,n,t and care was taken i'O isolating tlie 

entire system, from vibrational 'Interference. These steps resulted in, lower overall
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background attenuation and scatter as compared to our earlier work,. Measurements

on TaViHojg from 0,5-40 K w'ere made iisin,g a “’.He cryostat at the Natio,nal High 

.Magnetic Field Laboratory at Los Alamos National Laborato.iy. Mcmsuremen.ls on 

this sample were also m.ade in a 1 Tesla magnetic field from, 0.5-40 K. 'ITie presence 

of a magnetic field is known to reduce the background of the ultrasonic attenuation, in 

metals.’’  ̂ Measureme,nls above room, tem,perature were made at atmo,spheric pressure 

using a comm,erciai oven, and temperature controller. The ultrasonic attenuation, in 

the m,a;teri,als was found by fitti.ng the Lorentzian lineshapes of the resonant peaks to 

deterno,ine the quality factor, O. This procedure was explained in Section 2.3. The 

ultrasonic loss is then, given simply by 1/Q.

3.2.2 Results aod Discussion

Figure 3.5 shows the ultrasonic loss versus temperature over the range of 3 - 

340 K for TaV2l>o.50- As Fig. 3.5 shows, a relatively large attenuation peak, centered 

at about 260 K, is observed for the m,easurem.ent frequency of approximately 1.3 

M,Hz. Similar peaks are observed for TaV2Ho.i8 and TaVzDoj? as reported 

p r e v i o u s l y T h e s e  peaks have been attributed to H(.D) hopping between hexa­

gons, the relatively slow .rale responsible for long-range diffusion. The dependence 

of this peak on, H concentration was reported previously.^'* For D, the amplitude of 

the peak, increases with an, increase hi co,ncentratioji, fro.m, a,pproxim,ately 0.008 forx 

= 0.17 (Ref. 24) to approximately 0,014 for x = 0,50 (Fig. 3.5). The depe'od,en,ce of 

the ultrasonic loss on deuterium concentration for this peak will be discussed in more 

detail below.
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Fig. 3.5 Ultrasonic loss versus temjperature for TaVaDo.so over the range of 3-340 
K. The solid line through, the bigh-teraperature peak represents a fit to the data 
using Eqs. (6 ), (8) and (9).

Figure 3.6 shows the ultrasonic loss at low temperatures for TaVaDo.so on a 

greatly expanded vertical scale. Two additional peaks, hardly apparent in Fig. 3.5, 

are seen in Fig. 3.6. Similarly, Fig. 3.7 shows the low-tempe,rature ultrasonic loss in 

TaVaDo.n and TaVaHo.is- Note that the vertical scale for Fig. 3.7(b) (TaV2Uo.i8) is 

greatly expanded as compared to Fig. 3.7(a) (TaVaDo.i?)- In a previous report̂ '*’ the 

low-temperature peaks in TaV2Hojg could not be observed, the scatter in the data was 

too great, llie  data of Fig. 3.7(b) from. 0.5-40 K were taken in a I T in,agnetic .field, 

which has the effect of decreasing the overall bttckgroimd attenuation in a nietal'’* 

This lowered background attenuation pemiitfed the observatio.n of the s.mall peaks in 

Fig. 3.7(b). As previously reported, H-free TaVi exhibited no rise in. the ultrasonic
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attenuation at low temperatures, remaining relatively constant at about 4 x 10"'** up to 

100 K, and increasing slightly from this value with increasing temperatwe.

0.0005

0.0004

0.0003

0.0002

5  0.0001

0.0000

Fig. 3.6 Expanded view of the low-temperature ultrasonic loss for TaVjDo.so- The 
dashed line represents a mode! of the data using Eqs. (6), (8), (11) and (12) with a 
distribution of mobilization energies. The solid line shows contributions from all 
of the effects we have modeled.

Figures 3.5 -- 3.7, in combination with previous work, '̂* indicate several 

features for the ultrasonic attenuation in TaV2H(D)x- 1. There is a relatively large 

loss peak near room temperatwe for measurement frequencies near I MHz. This 

peak is well-explaj.iaed as H(D) hopping between hexagons of g  sites. The present 

work provides additional information, about this peak for deiiteriiun,. 2. There is a 

peak at low temperatures, 'fhis peak shows a large isotope effect. It appears at about 

20 K for d.euterium, but at about I K for hydrogen. Furt'hemiore, this peak is much 

weaker for H as compared to D. We will interpret these peaks as H(D) motion within
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Fig. 3.7 Low-temperature ultrasonic los.s for (a) IW aD oj; and (b) Ta'VaHojs- The 
dotted line in |a) represents a model of the data using Eqs. (6), (8), (11) <«id (12) 
with a single moWlizatioii, energy. The clashed lines show fits using a Gaussian 
distribution of mobilization energies. The solid line in (b) shows contributions 
from all of the effects we ha,ve modeled.
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a hexagon of g  sites. 3. There is an intermediate temperalure peak. This peak, occiu's 

at about 70 K for TaVaH'o.ig and about ] 25 K for TaVaDo.so. T’here is a hint of such a 

peak at about 80 K for TaV2,Do,i7. Based on other work,^^’̂  ̂we suggest tlial these 

peaks are due to an order-disorder transition, of H(.D) on the interstitial sites.

We now turn to a more d.elailed analysis and mierpretatio,n of the data. 

Hydroge,ii hopping has been studied by use of ultrasonic attenuation in many systems. 

I'he motion of a hydrogen isotope between neighboring sites can lead to itltra.sonic 

attenuation. Anelastic relaxation''^ occurs when nearby interstitial sites are affected 

differently by the applied ultrasonic stress causing the hydrogen to relocate to sites of 

lower energy. Wlien the applied 'ultrasonic frequency is com.parable to the hydrogen 

hopping rate, the net effect is dissipation of the input energy. As shown i.n. Section 

1.3, the ultrasonic loss, 1/g, due to anelastic .relaxation is given, by'*

I /k- mr,,R (8)
Q c l + ’

where A d c  is the relaxati,on strength, m l In  is the ultrasonic frequency and is 

the relaxation time. The quantity Ac is the difference between the unrelaxed (cu) and 

relaxed ( c r )  elastic moduli, Ac = c*,. -  , and is given by ,Eq. (6).

For the large attenuation peak at higher tein.perature a simple single-term 

Arrhenius e.xpression for the relaxation ti'me,

: exp
k T m

with activation en,ergy can be used along with Eqs. (6) a,iid (8) to .fit the data 

satisfactorily as discussed previoiis.ly. '̂* The .solid line i'n Fig. 3.5 i.s a fi.t to the high- 

tempe.rature loss peak using Biqs, (6), (8), and (9). This descriptio.n is valid over a
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range of measurement frequencies and also describes the dispersion in the frequency. 

As described in Section 1.3, relaxation causes a change in the elastic moduli. This 

subsequently results in a shift in the resonance frequencies given by

(,o)
c 2  l +

Data for two different measurement frequencies were simultaneously fit to Eqs. (8) 

and (9) for this material. The stune parameters were successfully used to fit the dis­

persion in the frequency as well by adding a linear background to Eq. (10), Figure 

3.8 shows the frequency of one of the mechanical eigenmodes versus temperature for 

TaVaDo.so- Included in this figure are the corresponding ultrasonic loss results for the 

same eigenmode. The solid lines in Fig. 3.8 are theoretical fits to the data using Eqs. 

(6), (8) and (9) for the loss and Eqs. (6), (9) and (10), with a linear backgrouiid, for 

the frequency. The fit parameters for TaViDo.so were = 2.2 x .s and iy, =

0.26 eV. These values are in good agreement with NMR results.* The fact that a 

single-temi relaxation time describes the data well indicates that one mechanism for 

motion dominates in this temperature range, the phonon-assisted tunneling between 

excited states. This interpretation has been described in detail in Refs. 24 and 25.

The fit also determines nf'~ /(k„c)f a quantity related to the relaxation 

strength as shown in Eq. (6). Using measured values of the aggregate shear modulus 

for c, the values for nf"  / k/, were calculated. For the x(D) = 0.5 case, n = 1.03 x 

10̂ * and c '= 78.4 GPa (the room temperature value), were used. The quantity 

/(k,;C) was found to be linearly dependent on the concentration, n, for the deuter- 

ated s£ttnple.s, as was found for 'the hydrogenated case.^^ The linear dependence
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yields a value of the deformation potential, F  = 0.17 eV for D in TaVj, the same 

value previously reported for the hydrogenated samples?'* This linear dependence is 

an, example of the Snoek effect for 11(D) in intennetaJlic com,poimds. F  is related to 

the response of i,nterstitial sites on different he'xago,ns to the applied iiltraso,nic strain. 

Therefore, it seems reasonable that there is no isotope depe.ndence for F, Note that 

(1/Q)max» 'w,hich is given by (« / ’̂  depend linearly on the

concentration, although nF'̂ ' / k„ does. This diflhrence is due to the strong

concentration dependence of the shear elastic constant. 33
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Figure 3.8 Temperalure dependence of the resonant frequency and atten,uatio,n of a 
meclmnical eigenmode i,n TaVjDo.so. The solid ,l,in,es represent theoretical Ills to 
the data with parameters given, in the text, k  back,ground term linear in 
tern,perature was included in the frequency fit.
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In. contrast to the Mgh-ternperatiire peaks, which are weli, described as 

classical Debye peaks w.ith an Arrhenius-type relaxation process, the low-temperature 

peaks behave quite differently. Skripov et aL̂  found that the relaxation time .for the 

low-temperature NMR spin-lattice relaxation data is reasonably well described by the 

ex'pressio.n

exp (11)

where To mtd are fitting paraineters. This expression has some justification fTO.m

quantum diffusion theory, taking into account the effects of barrier fluctuations.^ We

have used this exp.ressio.n to .mode! our low-temperature data. Not only is the .relax.a~ 

tion time non-Arrhenius, but the concentration,«, of H(D) atoms contributing to th.e 

relaxation strength was .found to be dependent on temperature. Evidence has been 

given, for a temperature-dependent mobile popiiIati.on.”  The suggested approach to 

the description of n(T) is based on the assum.ption of some energy gap, between

the static and .mobile H(D) states. In this case,

exp

•o “■ncn^n, ( 12)
1 + exp

k T

where no is taken as the total H(D) concentration. Indeed., a temperatiire-depen.detit  ̂

population appears lo be required to describe our data. ,Eqs. (1.1) and (1.2) with mobi­

lization energy, Eo, can be used along with Eqs. (6) and (8) to provide a reasonable .fit 

to the low temperature data for TaV2.D0.17, TaVaHo.iSj and TaVjDo.so- .A.n application 

of thi.s model is .shown by the d.otted line in Fig. 3.7(a), where a single value of =
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1.98 meV has been used in Eq. (12) to fit the data for 'FaVaDo.r/. Con.sistently better 

agreement between the model and the data was obtained by using a distribution of 

energies centered on some mean energy value Eo, i.e. by integrating Eq. (8) from 0 to 

infinity over a Gaussian distribution, o f mobilization energies. ITie dashed line in Fig. 

3.7(a) shows a fit using a Gaussian distribution with a mean value E o  ~  3.45 meV and 

a Gaussian width. 1.29 in,eV. Smiilariy, the dashed .lines int. Figs. 3.6 and 3.7(b)

show fits to the low-temperature peak using the sjime Gaussian, distribution, model. 

The parameters for these fits are given, in Table 3.1,

Table 3.1 Piirameters of the low-tcm.pe:rature 'H(D) relaxation for TaVaHojg, 
TaViDo.i? and TaViDo.so- To and are the parameters derived using Eq. (11). A 
temperature-dependent m.obi!.e population of H(D) a.toin.s was used in place of the 
total co.nceiitration, with a Gaussian di.stributio.in of mobilization energies cetttered on 
Eo with width SE„ .

L̂o (s) r.CK) Eo (ni.eV) SEff (meV)

TaV2l:Io,i8 2.7 X u r ’” 50 1.12 1.20

TaV2Do.i7 8.6 X 10"*̂ 30 3.45 1.29

TaViDo.so 5.0 X 10'*̂ 38 7.85 3.35

The intermediate-teraperature peaks, attributed to an order-disorder transition, 

give some contribution, to the attemiation in the region of'the low-temperature peaks. 

In order to extract the p£tfameters of the low-te.mperature motion, a simple model for 

the order-disorder contribution is discussed in what follows. The full lines in Figs. 

3.6 and 3.7(b) show contributions .from both the low-temperature motio.n just dis­

cussed and the order-disorder effect. Befo.re discussing the i.ote.rmediate-temperature 

peaks, we make some remarks about the parameters used, for the low-temperature 

peaks. It has been supposed that 'the existence of the 'mobiliaition energy Eo results
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from some short-range order among the H(D) at:oiTis. The Gaussian, distribution 

migh,t approximate a spread in the .local configurations. For .fitting lh,e ultrasonic 

data, the low-energy side of the Gaussian, distribution, is much more important than 

the high-energy side. The reason for this is as follows. Hydrogen isotopes that are in 

configurations requiri.ng higher .mobilization, e.nergies will only become mobile at 

high temperature. At these Mgl,ier temperatures, the H(D) hopping rale will be so 

fast, i.e. the relaxation time given by Eq. (11) will be so s.h.ort, that the co,rnbhied 

effect of (i}t,XT) and /?(.!) will contribute little to the ultrasonic atte.nuation. Neutron 

scattering experiments have been interpreted in terms of an «(7) that increases 

linearly at higher temperatures. It is possible that the actual disliibutioii of Eo is such 

as to give the observed ri.se in. the ultrasonic attenuation at low temperatures, and the 

increase in «(7) at higher temperatures needed to explain the neutron scattering 

experi.inents.

It is important to note that the condition <yrj. « I is never met in. the ffequency 

range of our study (approximately 1 MHz). In fact, » 1 0 “"’ at 1 K for TaViHo.ig 

and 6}Tj « 0.03 at 15 K for TaV2Doj7. In the «  1 limit, the ultrasonic loss is 

given, by 1 /0  «  n{T)(ot, {T). Figure 3,9 shows a solid line for (OtiXT) for 

TaViDo.i?, and shows a dashed line proportional to n{T). The presence of an attenua­

tion peak, is due to these two con.tributing factors. As th.e temperature decretises «(I) 

decreases, but incresises. These opposite trends are responsi,ble for producing 

the peak, in tlie atten.iiatioii, not the condition »1. The dotted line in Fig. 3.9 

shows the multi plication, of »(J) and ( f ),  which indeed results in. a small peak. 

Thus, the presen..t .results in.dicate that the .rate of the H motion. rein.ains wel!. above 1
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MHz down t̂ o 1 K. This is extrenne.ly fast for such lo'w temperatures. The model we 

have used gives only a weak dependence of peak position on measurement frequency, 

which is in accord with the experimeiilal results. It would be highly desirable to carry 

out ultrasoimlc attemiation experim,ents on th.is system at If) -  100 MHz, which would 

be an. excellent test of the ideas presented here.

0.07

0.06

0.05

<D 0.04

§) 0.03

1
0.02

0.01

0.00
0 20 40 60

Temperature (K)

80 100

Fig. 3.9 Contributions to the low-temperature uit.raso.nic attenuation of TaVaDo.n. 
The solid .line is coti(T). The da.shed line is p,roportion.al to «(7). The dotted, line is 
the multiplication of oni(T) and n{T).

Values of To and for TaVaDo.so have been reported*^ from, NMR experi­

ments as 38 K and 5 x I O'® s respectively. Iliese values were lised to fit our data.

The other fitting parameters for the relaxation time in. Table 3.1 are in accord with the 

NMR data. The trends in relaxat,«.oti time as a function of isotope and of concentration 

are in. good agreem.eiit with what has been foun,d ibr other concentrations at higher
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temperatures.*’’̂ ’'̂  Namely, the H(D) hopping rate is faster for lower concentrations 

and at least an order o f magnitude faster for H than D for a similar concentration.

From the fit of the data to the theoretical expressions, the quantity I 

is delemnined, where is related to the response of diflereiit interstitial sites wiihin 

a hexagon to the applied strain. Assuming that the quantity % is the total concentra­

tion of interstitial. H(D) atom.s, an estimate of ~ 0.1 eV is found for the low-

temperature motion for all three cases studied (Figs. 3.6 and 3.7). It is remarkable 

that the saiti.e value is found :for all three case.s, and indicates a certain self-consis­

tency of the approach. It is reasonable to expect this value to be isotope independent, 

and to di.fler somewhat, but not drastically, from the value of F  found for the 

response of sites on different hexagons (0.17 eV).

We now take a more detailed, yet somewhat qualitative look at the contri,bu- 

tion to the ullrasonic loss for each material fro,m the intermediate-temperature peaks, 

which we consider to be due to an ordering transition. The intent is not to provide an 

accurate description, of this effect, but to provide an approximate description so as to 

be able to extract the parameters of the local motion giving rise to the low-tempera- 

tiire peak. If we take the small rise at about 80 K in TaV2.D0.17 as an indication of 

such a peak., then a num,ber of features o f these peaks are in accord with heat capac­

ity* and neutron scattering^^ studies o f the ord.er-diso.rder tran.sition in TaV2.H(D)x at 

higher concentrations. I . For equal concentrations the transition tem.perature is 

higher for D than for H. 2. For a given isotope the transition te,mpe.rature increases 

with increasing H(D) con.ceiitration. 3. For equal con.ce.ntration.s the magnitude of 

the effect doe.s not depend strongly on the isotope. 4. For a given isotope the
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intensities o f the siiperlattice lines indicating the long-range ordering “are found to 

increase rapidly with, increasing .t”?*’’ Iliis  strong increase is in accord with the fact 

that tlie peak at about 125 ,K in Fig. 3.6 is much stronger than any possible peak at 

about 80 K in Fig, 3.7(a).

For long-range ordering below the transition temperature, Fc, the relaxation of 

the order parameter is d,escribed the ,relaxation time r̂ . = !{T(, -  T), in the

expression.

1 -.-  
Q l + m t(.

(13)

where to and B are fitting param,eters an.d m 12z  is the ultrasonic frequency. This 

model only applies below the o,rdering temperature Tc. Hence, we make no attempt to 

account for the contribution o f the order-disorder transitkm to the ultrasonic loss 

above Tc- There seems to be no direct evidence for !ong-ran,ge order, such as 

superlattice lines, at the relatively low FI(D) concentrations of our experim,ents. 

However, given the strong concentration dependence found for the superlattice lines, 

it seems that long-range order could exist with a low value of the order parameter at 

the lower concentrations. Another possibility is that the ordering at the low concen­

trations is short-range. For short-range ordering the expression, for the relaxation time 

would be slightly different than given above. In any case, we have used Eq. (13) with 

t(. oc {Tc ■■■“ 1)"’ to obtai.n a qualitative model of our data, in order to take into 

account the co,iitribution .from this peak to the attenuation i,n the region of the low- 

temperature peak. The solid lines in Figs. 3,6 and 3.7(b) show the results from 

adding Eq, (13) to the low-temperature model (indicated by the dashed line), which
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was discussed previously. The fitting parameters I'a and B for TaViDo.so were 2.4 

X 10"*’ s, 140 K. and 6 x lO'*’ respectively, and for TaVaHo.ig, 9,3 x 10'  ̂s, 74 K, and 1 x 

10’̂  respectively, llie  amplitude of the order-disorder peak for TaVaDo.so is 

approximately 4 x 1,0"̂ , an order of magnitude larger than the peak for TaVjHo.ig. 

Assuming the amplitude should be roughly isotope-independent, the transition peak 

in TaViHo.ig would indicate that an ordering transition in TaVaDoj? would have an 

amplitude of approximately 5 x 10"̂ . A feature with this amplitude would be virtually 

lost in the tail o f the low-temperature loss peak, for this isotope as indicated in Fig. 

3.7(a), but is consistent with the bump in the ultrasonic loss around 80 K in the 

TaVaDo.i? date.

In, general, the mterpretation of the ultrasonic data is in acco,rd with the 

parameters and trends found for the NMR experiments, with one ex,ceptioii. Nuclear 

spin-lattice relaxation measurements on in TaVaHfD)^ have found a stronger 

relaxation for D as compared to ,H, for the same concentration of the two isotopes.* 

This result has been interpreted’' as meaning that a larger fraction of the D atoms par­

ticipate in the local motion as compared to H at the temperatures of the measurements 

(~ 100 K). The present ultrasonic measureinents at lower temperatures are in. 

disagreement with this mterpretation. The ultrasonic results were fit using a mobili­

zation energy for H that is lower than for D. The result is that the population of 

mobile H is larger than for ,D in the temperature range of our .measurements. In 

general, neutron scattering, NMR, and ultrasound results all require a. temperature- 

dependent and possibly isotope-dependent population of mobile H(D) atoms to ex­

plain the results. These three experimental probe.s tend to have maximum sensitivity
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to the H(D) molioii iii different frequency and temperature ranges. It may be that Eq. 

(12) just provides a coiiveiiieiit means to describe a leinperature-dependent population 

of H(D) atoms. The actiail population may have a more complicated dependence on 

temperature (and isotope), especially If it is related to the order-disorder transition. 

The origin, o f the temperature-dependent population reB,iains unclear.

3.2.3 Conclusions

Ultrasonic techniques were used to study hydrogen motion in TaVaH'o.is, 

TaVzDo.t? and TaVzDo.so, providing strong evidence for the local quantum tunneling 

of hydrogen in Laves-phase materi.als, rn,otion that rem.ains extremely fast even at 

very low lerape,ratures. This study also provides details concerning the diffusive 

motion of hydrogen. Ih e  .magnitude of the ultrasonic loss for the hexagon-to- 

hexagon hopping, the rate-Iimitmg step for long-range diffusion, was found to be 

linear in D concentration, as was previously found for H. The paraim,eter F  

describing the coupling between g  sites and strain had the value 0.17 eV for both 

isotopes. The relaxation rate exhibited a small isotope effect and was well described 

by an Arrhenius-type expression for the H(D) hopping rate. The single-term relaxa­

tion time indicates that the mechanism for this motion is dominated by phonon- 

assisted tunneling between exc,ited states.

In marked con,trast to these liigh-temperature peaks, much weaker pea.ks were 

observed at lower temperatures that exhibited totally non-classical behavior. These 

peaks we.re attributed to motion within a hexagon of g  sites. The .relaxation rate was 

satislaclorii.y described by a non-classical express.ion, similar to the results from a 

kurier fluctuation model in the theory of quantum tunneling. The parameters used to
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describe the relaxalkni rate for TaViDo.so were the same as those used to describe 

NMR spin-lattice relaxation measurements at higher temperatures on the same 

material. The relaxation rate for TaVaDoj? was somewhat faster than that for 

TaV2Do,505 in agreement with the concentration dependence found from NMR 

experiments. Also in qualitative agreemetit \wth NMR measurements, the relaxation, 

rate for H was over m  order of magnitude .faster than, that for D fbr simiiar concen­

trations. Within cx;periment£il en'or the same value of /]«„, = O.I eV was found for the 

.low~tem.perature motion .for all three materials.

Previously undetected attenuation peaks were observed and attributed to an. 

order-disorder transition of the H(D) atoms atti.ong foe interstitial sites, 'fhese peak.s 

provide experimental evidence for an earlier suggestion that the temperature- 

dependent mobile population, is related to ordering. The main contribution of the 

present work is to provide further evidence for the unusual motion o f H(D) at .low 

tempe.ratures .in the Laves-phase material TaVa, and to show that this motion seems to 

be dominated by quantum effects. Our results indicate that the local relaxation of 

H(D) in this materia! remains extremely fast down to very low temperatures. 

The.refore, the familiar situation, of thermally-activated motion does not describe our 

low-temperature results. The motion appears to be due to other effects, such as 

barrier fluctuations. Similar effects probably hold for other Laves-phase ABa 

materials and perhaps rare-earth materials as well. A consistent picture was used to 

describe the present results. IJnariswered questions include the nature of the mobile 

H(D) population, and foe reason for the apptirent disa-greeineiit between the present
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ultrasonic measurements and previous NMR measiiranents as to the fraction of H(D) 

atoms participating in the local motion.

3.3 IJltrasioinic Measuremenfe of H(D) Effects on the Laves-Phase 

Material ZrCr2lI(D)x.

3.3,1 Introduction and Experimental Details

Due to the small mass of the hydrogen atom, quantuin-mechaiiical effects 

have been observed for the InterstititiJ motion of H(D) in Cl 5 Laves-phase 

m a t e r i a l s . A s  discussed in Section 3.1, H(D) diffusion exhibits two different 

frequencies of motion among interetitial sites in these materials. It is expected that 

the dil¥eren.ce between the two characteristic hopping rates decreases with an increase 

in Ra/Rb- The ratio for ZrCra is considerably higher than for previously studied 

Laves-phases. Therefore, the difference between the Ikst jump rate and the slow 

junip rate for hydrogen motion in this material is expected to be small*'* Previous 

studieŝ *' have shown that the hydrogen in ZrCf2 retains a .higher long-range 

diffusivity than, any other m,etal-hydrogen system with comparable hydrogen concen­

trations. This work'*'' also indicated a change in the effective activation energy for the 

motion below 200 K. These .results were inteipreted under the framework of quantum 

diffusion theory, as discussed in Section 3.1, leading to an understanding of this 

change as due to a change in the dominant mech.aiiis.m .from tmineling between 

excited states, to phonon-assisted tunneling between, ground states. The case of 

extrem.ely fast diffusive motion and the possibility of clarifying the diffusive mecha­

nisms motivate the present ultrasonic investigation. The aim of the present work is to 

explore the concentration dependence and isotope effects on the elastic shear modulus
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and the ultrasonic loss in ZrCr2.H(D'h. fJitrasonic attenuation measurements indicate 

peaks in the loss for ZrCriHo.w, ZiCraHo.is, ZrCraHo.si and ZrCraDo.n that were not 

observed in the hydrogen-free material These peaks are associated with the long- 

range motion of H(D), The iiltrasonic measurements reported in Section 3.2 on the 

Laves-pliase compound, TaV2, have indicated a strong isotope effect on the fast, 

localized motion, with only a weak isotope effect on the hexagon to hexagon motion, 

it is interesting in. the current measurem.e.nts tliat a strong isotope e,ffect is observed 

for the hexagon to hexagon motion, indicating a larger contribution from quantum 

effects in ZrCTi. This is consistent with, what is expected from the results of Renz et 

a l . f  for our measurement frequencies and temperatures. The shear modulus also has 

been measured, and is repo,rted for the three coEcentratio.ns, x ( H ) 0,0.09 and 0.15, 

and x(D) = 0.12. The modulus is found to increase with i.ncreasing ,H concentration.

Button in,gots of the CIS Laves-phase inteniietallic compound ZrCrj were 

prepared by A. V. Skripov ei a!?'̂  by arc melting appropriate mixtures o f the high- 

purity constituent elements in an argon atmosphere followed by various annealing 

procedures. Samples of ZrCr2H(D)j were prepared as described previously.^''’

The ultrasonic attenuation, and resonant frequencies were measured lor 

ZrCr2Ho.09, ZrCrsHo.is, ZrCraHoji and ZrCraDo.ia over the range of 4-295 K. Rectan­

gular parallelepipeds suitable for the ultrasonic .measurements were prepared in the 

same manner as tlie TaV2 sain.ples of Sectio,o 3.2, Sample edge dimensions were in 

the range of 0.8-2.3 mm, Lithium-niobate compressional-raode transducers were 

used to excite and detect the mechanical resonances. Measurements (liroughout the 

entire temperature range were made using a commercial ^Hc cryostat and temperature
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controller. As before, the ultrasonic attenuation in the materials was found by fitting

the Ix>rentzian lineshapes of the resonant peaks to determine the quality factor, Q,

The ultrasonic loss is then given simply by l/Q.

'file aggregate elastic shear moduli for the hydrogenated and deuterated 

samples were determined at room temperature by RIJS as was described in detail in 

Chapter 2. In all cases, the frequencies o f the lowest 20 resonances were measured 

with a typical root-mean-square (mis) difference between the measured and computed 

values of 0,4 %, The lemperatiire-dependenl values were then calculated from the 

temperatiire-dependence of a single frequency, 100 % dependent on the shear 

modulus.

3.3.2 Results and Discussion

Figure 3.10 show's the ultrasonic loss for ZrCraHo.o ,̂ ZrCraHojs, ZrCr2Ho.3i 

and ZrCr2D().i2 over the range of 4-295 K. For comparison, the loss is also shown fbr 

hydrogen-free ZrCra. The room temperature frequencies of all modes are approxi­

mately 1.5 MHz. Although there is considerable scatter in the low-temperature data, 

several meaningful features are apparent. For all hydrogenated samples with jc > 0 an 

obvious peak was observed centered at approximaieiy 50-75 K. The attenuation in 

the hydrogen-free material exhibits an almost constant background with no prominent 

loss peak. It is clear that the magnitude of the effect increases with increasing H con­

centration. Am obvious peak is also observed in the deuterated material, centered at 

approximately 160 Iv. These relatively large peaks are associated with H(D) hopping 

between, hexagons, the slower motion .responsible for long-range diffusion.
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Fig. 3.10 Ultrasonic loss over the temperature ran,ge o f4-295 K for Z,rCr,2H(D).( 
with x(H) -  0, 0.09, 0.15 and 0.31 and x(D) = 0.12.

Figure 3.11 shows in more detail the lo.ss peaks in ZrCraHo.is and ZrCraDo.a- 

The peaks indicate a considerable isotope effect. 'The peak' for ZrCraDo.ia clearly 

occurs at higher temperatures for approximately the same raeasurement frequency. 

This indicates that the D hexagon-to-hexagon jump rate is much lower than that for

H. The lower peak height for the deuterated material is almost exactly accounted for 

by the slightly lower concentration and the fact that it occurs at a higher temperature, 

assuming a 1 ! T dependence for the ultrasonic loss. Comparing the temperature at 

which these peaks occur 'to the room-temperature peaks in TaV2 indicates that the 

long-range motion of U(D) in Zr(>2 is, in feet, inuch faster than in l ’aV2.
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Fig. 3.11 Detail o f the ultrasonic loss lor ZrCraHojs and ZrCraDo.o, showing the 
strong isotope effect. ITie loss for ZrC.f2 is shown for comparison.

The results o f Renz ei for ZiCr2 show that the diffusivity of H fit a two- 

tenn A.rrhemus expression, one term with parameters corresponding to quantum 

turmeliiig between excited states and one with parameters corresponding to phonon- 

assisted tunneling between ground states. The results also suggest that for the tem­

peratures at which our peaks occur, the tunneling between ground states should be the 

dominant mechanism of the motion. From diffusivity parameters for ZrCr2Ho.305 

attempt times and activation energies can be calculated for a two-term Arrhenius 

relaxation time given by

exp m , 2 exp (14)
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Parameters for the first term, correspondrag to iuri,neJ;ing between excited states, are 

= 157 meV as given in Ref. 37, and = 7.26x1 O'"''\f. Parameters for the

second term, corresponding to tumreliiig between groimd states, are = 39 meV

and ”  8.43x10"’” 5*. Using Eq. (14) in Eq. (8), it can. be demonstrated that the

excited state te.mi is co.m,pletely negligible for our m,easurement frequencies and 

te.tt).peratures. Using the ground state term alon.e5 the results are in qualitative agree­

ment with, our data for ZrCr2.H0.31. Better agreement was found by using an activation 

energy o f i?„_2 = 23 ,meV in the groun,d state tenn. This energy differs somewhat 

from the value reported in Ref. 37. The solid line in Figure 3.12 shows the results for 

Eq. (8), using the parameters, Ea = 23 meV and = 8,43 x 10'’®.?, in a single-terra 

relaxation time, given by Eq. (9). These para,meters produce a peak that co,mpares 

closely with the ZrCt2FIo.3i data as shown in Fig. 3.12. Scatter in the data o f Fig. 3.10 

due to experimental challenges, together with the presence of some background 

contributions to the loss, has not allowed us to obtain a reliable fit of the peaks to Eqs.

(8) and (9). However, the shape and position of the peaks are consistent with results 

from using NMR parameters, lo. this temperature ruid frequency range, the dominant 

te,rm, in the relaxation is the one associated with ground state tunneling. The theory of 

quantum diffusion^’’’'̂  ̂indicates that tunneling between groimd states is especially 

sensitive to the mass of the tunneling particle, 'fhis is consistent with the large 

isotope effect seen i,n the ultrasonic loss data. Due lo these factors, it is assumed th,at 

at these temperatures and measurement frequencies, the long-range H(.D) motion is 

dominated by quan,tuin tunneling between, ground states. A two-term, Arrhejtilus 

relaxation time previously was .found to fit the diffiisive H motion in TaVa for low ,H
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concenlTations.^’̂ '’’ However, in the case of TaVa, tuiMieling between excited states

was the dominant, term, with ground state diffusion, being ti,egligib!e for higher 

hydrogen concentrations and fiw deuterium. This was consistent with the smaller 

isotope effect observed for these materials.
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U
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0 50 100 150 200 250

Tempe,rature (K)

Fig. 3.12 The ultrasonic loss for ZrCr2Ho.3i- The solid line is a model of the data 
using Eqs. (8) and (9) with paramete,rs reported in the text.

Figure 3.13 shows the aggregate shear modulus, G, for ZrCrjHo.w, ZrCr2Ho.i5 

and ZrCraDo.ia over the range of 4-295 K. For co,mparison, G is also shown for ZrCr?, 

from previously ,refM>rted measurements.'^® As mentioned in Section 3.3.1, the 

tempe,rature-dependeiice of ( j  for the smiples loaded with H(D) is detemnined by that 

of a particular reson,ance frequency, wholly dependent on the .shear modulus. A .reli­

able i,nitia1 fit was not obla,intxl for the highest concentratiosi materiaL Therefore, G is
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not reported 'for ZrCraHo.si- For typical materials, the temperature dependence of the 

elastic constants Is such that the moduli approach 0 K with zero slope and decrease 

monotonically with increasing temperature.'**'^^ Fig. 3.1,3 shows that the moduli of 

the reported compounds o f ZrCriHCP)* behave in a .noimal fashion, over the 'tem­

perature range of this study. The results a,lso show an increase in, the .modulus wi'th 

increasing H content.
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,Fig. 3.13 S,h,ea,r m,odulus over the tei'n,perature range of 4-295 K for ZrCr2l"Io.w, 
ZrCraHo.is and ZrCr2Do.i2- The shear modulus for ZrCt2 is shown for comparison.

Also significant in the shear mod,ulus data is the slight step seen at about 50 K 

'for the hydrogenated ,m,aterials an,d at abo'ut 160 K 'for the deuterated sample. ,A,s 

noted in Chapter 1, the 'theory ofrelaxaticm. in solids predicts a shift in, the real part of 

the elastic modulus as well, as the attemiatioii effects, I1ie shift is related to the tran-
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sition from, the re,laxed to the u,n,retaxed elastic moduli as the temtserature decreases. 

The chaage in the moduli, &, is given by

*  = (14)
}, + «? r;,

The shifts in G occur at temperatures comparable to the temperatures o f peaks in the 

attenuation. The fractional change in the elastic constant, A* / c , can be estimated

1T0.1H. Fig, 3.13. /k '/c  is related to the maximum value of the ultrasonic loss. 'Fhe 

maxim.um value occurs when the quantity an,  ̂ » 1 , resulting in the relationship,

(1 "  (1 /2) Ac / c . l,Jsing values taken from, Fig. 3.1,3, we estimate for (1 /())max,

0.0035 for ZrCrjHo.ot), 0.0036 for ZrCriHo.is and, 0.0013 for ZxiZtiDoM- These are in 

re,markably close agreement with, values for (l/0wax taken from Fig. 3.10 of 0.0026 

for ZrCr2,Ho,o9!. 0.0035 for ZrCraHo.is and 0.0017 fo.r ZrCraDo.u- This agree,me,n,t 

supports the ,interpretation of these peaks as due to H(D) relaxation.

3.3,3 Conclusions

UltTasonIc measurements were made on, the CIS Laves-phase material 

ZrC,r2H,(D)x- over the temperature range of 4-295 K. Concentrations of hydrogen and 

deuterium were x(H) -  0.09, 0.15 and 0.31 and x(D) -  0.12 respectively. Attemiatio,n 

peaks associated with ,H(D) motion between gr-site hexagons were observed in all of 

these materials for measurement frequencies o f approxim,ately 1.5 MHz, The peaks 

were centered at 50-75 K for ,H motion, while the peak for I) i,iiotio,n was centered at 

160 K. ITiis strong isotope effect has been interpreted in terms of quantum mechani­

cal mechanisms of diflxisio,n,. The domiiKint ,niechaiiism ,for these temperatures 

appears to be tunneling transitions between ground states. Tliese re.sults are
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consistent with NMR, results for ZrCr,-? at higher lejmperatures. The shear roodiiliis of 

Zr(>2Ho,o95 ^^>2110.15 and ZrCr2.D0.r2 was also measured- The overall tem,perature- 

dependence was si,mila:r to that of typical metals, A small shift was observed in the 

modulus for each tnateria.l at a lemperature correspon,dJ,iig to the relevant peiJc in tlie 

ultrasonic loss, which, is consistent with the i,nteirpretation that these peaks were due to 

H(D) relaxation.

TTiis study, together with the studies reported i,n Section 3.2, provides insight 

into the complicated behavior of hydrogen jm,otJon in ,lAves-phase inte,r,metal,I,ic com,- 

pounds. Quantum in,echanical motio,n with an Arrhenius-type appearance was 

observed for the long-range ,m,otion in each, material. It has been, shown that the 

particular mechanism that do,minates is dependent 011 the system, and the temperature 

of the measurements. .For our measurement temperatures, the long-ra,nge m.otion of 

hydrogen in TaVi is primari.ly tuimeling between excited stales whi,le that io, .ZrCra is 

primarily tunneling between ground states. Tlie local motion of hydrogen in 1W 2 

remains extremely fast down, to very low temperatures and does not have an 

Arrhenius-type appearance. This motion, may be due to barrier fluctuations. A 

consistent picture was used to describe the ultrasonic results on the TaV2,H(D);e and 

the ZrCraHfDX- systems.
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Chapter 4

A Eesoaant UltrasoniMi Spectrescopy Study of the Elastic 
Properties of the .Hyirogen-Absorbiiig Compounds TiCru 
and LaAl̂ Nis.;p.

• 4,1 Backgroiinci

® 4.2 Temperature Dependence of the Elastic M'oduJi of Poly crystalline TiCrs j.

•  4.3 Temperature Dependence of the Elastic Moduli of Polycrystalllne 
LaAl*Nis,;c,

® References

4.1 Background

Many of the hydrogen-absorbmg intermetallic compounds are of great interest 

for the reversible absorption of hydrogen. Among the benefits of reversibility is the 

use of such materials to supply hydrogen as the negative electrode in battery 

applications. The stability of the fonned hydride is determined by the hydrogen 

equilibrium pressure at a given temperature.'' This equilibrium pressure, or plateau 

pressure, is the hydrogen pressure in the relatively flat region of the pressure- 

compoisilion (PC) isotherm, for hydrogenalio.n. Figure 4 .1 s,hows theoretical PC 

isothe,rm.s for the abso,rplion of hydrogen in, iirterine'tatlic compounds. In the a  - 

phase, at low H content, the hydrogen forms a siiig.le-p.liase solid-sol'ution.. As 'the 

H/M concen.tratio,n, is increased, there is a two-phase domain in which the a  -phase is 

satwated and .hydride fo'finattou takes place.
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Fig. 4.1 Typical pressiire-com,positi.on isotherms for the absorption and of 
hydrogen in hydrogen-absorbing compounds. Isotherms at and above the critical 
temperature have no two-phase region, a  + p.

The elastic constants of these materials are important for a variety of reasons. 

Specifically for metal-hydiide materials, the elastic constants are useful for an 

evaluation of the elastic contribution to the hydrogen-hydrogeii interaction, energy^ 

and the elastic energy associated with the precipitation of hydrides.' '̂'* For an isotropic 

material with, free surfaces, tlie }ong-ran,ge, average elastic interaction energy of one 

interstitial hydrogen atom with the strain, field of all the other hydrogen atoms iŝ

. P^PU , = - y -elastic B

where B is the bulk modulus, P is an element of the dipole !M))n.e.nt tensor, p  is the 

density of H atoms, and

( 1)
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(2)
' 3(1--V)

with V being Poisson's ratio. This result can be expressed in a more convenient form

for the present analysis, in which elastic properties are determined. First,

(3)

where nn is the number o f hydrogen atoms in a volume V. For a homogeneous 

distribution of centers of dilatation, the dipole moment tensor is IT = FS,j. The 

hydrogen atoms produce a change in volume given by*”’

JF  ^ pP
' Y " ' F

Solving for F gives

where we have used AV ~ n,̂ Vi, , with vh being the volume associated with each of 

the hh hydrogen atoms. Substituting Eqs. (3) and (5) into (I) and using F  = v„, 

with Vo being the volume associated witli each of the hm metal atoms, gives

jj
ekalk; " tilmUc

f  \
P.fl.

V y

with

Alefeld''’ shows that the factor y  accounts lor the fact that the self-energy of the H 

atom i?iteracting with its own stress field should be omitted. liq. (7) shows that the
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elastic interaction energy is dependent on Poisson’s ratio and on the bulk modulus, 

two elastic parameters that may be obtained fjom resonant ultrasound spectroscopy

measurements.

In addition to the elastic conlributioiis to the interactions among tf»e dissolved 

H atoms, there is expected to be an. electronic conMbution. For low ,H 

conce.nitration,s, the total interaction in,ay be written^

JJ -- + l̂ekvlrmic
/ \
PJL

\»M /
(8)

.As discussed in Reference 2, the electronic term is expected to consist of a part that 

depends on.!y on the total number of extra electrons brought into the raetal by the 

added H atorns and a part that depends on the local electronic stiiicture. The elastic 

energy of hyd.ride formation will, be discussed in the following sections .for the 

particular ciises of TiCri.g and LaAhNis-*.

At th.e most lundamental level, the adiabatic elastic constants are given, by the 

second derivative of the i.nternal energy with respect to vStrain. and thus are related to 

interatomic potentials. They are also related to thermal properties through the Debye 

theory. The long-wavelength vibrational contribution to the heat capacity at low 

temperature, T, is given by

____
=  ■

''N' ' t "
(9)

where is Boltzmann.’s comtant. Eq. (9) effectively defines the Debye tem.p(irature, 

which is given by

6:zr
V

Mi
(10)
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where N /V  is usually takeii^’® as the number of atoms per unit volmne, a id  the 

average sound velocity, Cg, is given by the expression

i  ^
c ’ "" 3 ’̂0

i (11)

The longitudinal and transverse sound velocities, c) and c, respectively, ca i be

calculated from the polycrystalliiie elastic moduli, C'l i and G, using the following 

relationsMps:

_

(12)
G

C)
P

where p  in this case is the density of the metal. These thennal parameters will be 

calculated in the following sections for I 'iC ru  awd LaAhNis-x.

4.2 Temperature Dependence of t ie  Elastic Moduli of Polycrystalllne

TiCri.8,

4,2.1 Introduction and Experimental Details

A substantial effort is being made by various research groups to understand 

metal-hydrogen systems at a fundamental level. In that connection, the pressiire- 

composition, isotherms of the hydrides ofTiCr=2 were recently m,easured.‘̂ '̂ ° The 

critical temperature of this system is rather low, which means that it is possible, at 

reasonable temperaluies (up to 400 K) and hydrogen pressures (a few htmdred 

atmospheres), to measure the PC isothenns above the critical temperature. As 

indicated in Fig, 4.1, isotheriiis above the critical temperature bypass the two*phase
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region, a  + f i . Fitting statistical lliermodynaraic models to the data is much 

simp!ifi.ed if  the cotnplications of the phase separation are avoided. 'Die results 

of such experiments and fitting indicated that llie M-H in,teracti,on in the TiCri.g - Ha 

systeim. changed sign at about 400 K, being attractive below this temperature and 

repulsive above. Contribuling to the H-H interaction is the long-range, elastic 

interaction. In order to evaluate the long-range elastic interaction, the elastic 

constants are needed. This section reports on the measuremenl of the elastic .moduli 

o f  ri,Cr],8 over the temperature range o f 3~4i0 K. and gives the elastic i.nteraction 

energy.

The TiCri.8 sample was prepared by O. Bee,ri and ,M. H. Mintz at the Nuclear 

Research Center of the Negev in Beer Sheva, Israel. Details of the sample 

preparation have been described p r e v i o u s l y T h e  present m.easurements were 

carried out on. I'iCri.g that had the cubic, C l5 l.aves-phase structure. 1'his structure 

has bee.n. described in. detail in. Chapter 4. The elastic m.oduli were m.easured using 

the technique of Resonant Ultrasound Spectroscopy (RUS).’ As described in 

detail in. Chapter 2, with the RUS technique, piezoelectric tran.sducers are used to 

excite a large number of the lowest, frequency vibrational eigenmodes for samples of 

weli-de.fined shapes, such as rectangular parallelepipeds. For the p.resen.t study, a 

low-speed diamond saw was used to cut an approximate parallelepiped from the 

mtermetallic, polycrystallme ingot. This s.ann.ple was then hand-polished into an, 

accurate rectangular pa,rallelepiped suitable for the ultrasonic m.easureiments. The 

edge dimensions of the sample were 1.640 mm, 1,014 mm, and 1.142 ram. Tl.ie 

determination of elastic coiistan.ts by RUS was described in detail in Chapter 2. For
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tlie entire tempemture range investigated, the frequencies of the lowest 20 resonances 

were measiired with a typical nms difference between measured and computed 

Ifequencies of 0.30 %. For materials with isotropic symmetry, only two independent 

moduli are required to IMly define the elasticity o f the system. The aggregate elastic 

moduli Cii and C44 were derived directly from the measured frequencies. C44 is 

simply the usual polycrystalli tie shear modulus G. Other aggregate elastic parameters 

such as the bulk modulus. Young’s modulus, and Poisson's ratio can be calculated 

from Cii and C44. These relationsMps were given in Chapter 1, IScp (5). The 

temperature-dependent measurements below room temperature were made using a 

commercial '’'He cjyostat and temperature controller. Measurements above room 

temperature w'ere made using a commercial oven. Below 295 K the temperature was 

measured with a calibrated silicon diode thermometer. Above 295 K the temperature 

was measured with a platijn.uin, resistance th,enmiom.ete.r.

4.2.2 Results and Discussion

By direct measurement of dimensions and mass, the room-temperature density 

ofbulk TiCrj.g was found to be 5.987 g/cm'" ± 0.3 %. The lattice parameter of TiCri.g 

is reported’** to be 0.6939 nm at 25 “C. Obviously, not all the sites in the AB2, CIS 

structure are occupied by A and B atoms in the usual w'ay for TiCri.g. We can use the 

measured value of the density to infer something about the TiCri.g structure. Using 

the mass of one TiCri.g unit, the volume of on.e unit cell and the incasured density, we 

can calculate the number of TiCri.s units in one unit cell H e  result is 8.52, from 

wMch we get 8.52 Tt atoms, 15.34 Cr atoms and 0.14 vacant sites in a unit cell 

lliese numbers are in contrast to those for the usual AB?, unit cell, which would
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normally have 8 A atoms and 16 B atoms. If we assume that the Ti sites are fully 

occupied by Ti atoms am! some of the nominally Cr sites fjtre occupied by Ti io the 

AB2 Cl 5 structure, these numbers coiTespond to 0.9 % of the Cr sites being vacant, 

and 3 3  % o f the Cr sites being occupied by Ti atoms. The atomic size o f the Ti 

atoms is approximately equal to that: of the Cr atoms. One would expect, for leaves- 

phases w:ith a small atomic size difference between the A atoms and the B atoms, that 

there w'ould be anti-site substitutions more readily than constitutional vacancies.'^ 

The calculatio:ni above agrees with tiris expectation.

Figure 4.2 shows the polycrystalline bulk and shear moduli of TiCri.* over the 

temperature range o f 3-410 K. Figure 4.3 shows Young's modulus and Figure 4,4 

shows Poisson's ra,tio for TiCTi.g. Error bars on the graphs represent mi estimate of 

the absolute accuracy of the results based on the agreemetit between calculated and 

measured resonance frequencies, and errors in density iin,easurements. The accuracy 

is higher for the shear modulus than for the bulk modulus, as mentioned in Section, 

2.4. Especially for the bulk modulas, the estimated error is much larger than any ran­

dom scatter in the data. This is because the errors from, the density and the ,RIJS fit 

are systematic across the entire temperature range. The sample dimensions and 

density are ,o,eeded to calculate the elastic constants deduced from, th,e measured 

frequencies. Because Ihemial e:xpansio:n data are not presently available for TiCri.g 

the results have not been corrected for the:rmal contraction; the room, temperature 

dimenskms and density were used in the a.iialysis. Taking into account the direct, 

dimensio,nal effects as well as the Indirect effect through the density, the com,puted 

Cij vary i,nve:rse,ly w,ith the diro,eiis,ion,s. Transition metals have a total thernia!
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Fig. 4.2 Elastic moduli of polycrystalline T iC fu vs. temperature: (a) bulk 
modulus; (b) .shear modulus. The solid lines represetit; a fit of the scmi-erapirical 
Varshiii expression to the data, with fit parameters given, in, the text. Error bars 
represe,iit ao est,i,rnate of the absolute error.
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contraction, o f less than 0.2 % on cooling from roo.m temperatare to 3 In pa,ttjcu" 

iar, titanium has a total thermal contraction of 0.153 % and chromitiin, from room 

te:m,peratiire to 25 K, has a total thermal contraction of 0,098 %}^ Fuitfiermore, the 

therm,al expansion of alloys does not seem to differ much Itom that of the constituent 

e,lements. ,Assi!nn,in,g that T iC ru behaves similarly, correcting for thermal contraction 

would add at most 0.2 % to the low-ternperature values. Similarly, the values at 410 

K would be at most 0.2 % lower with, corrections for the,rmaJ, expanslo,n above room 

temperature.

206

204

192

0 1,00 200 300 400
Temperature (,K)

Fig. 4.3 Young’s modulus of poly cjy stall ine TiCrj.s vs. temperature. The solid line 
represents a fit of the semi-empirical Va,rshni expression to the data, with fi,t 
para,melers given, in the text.
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The temperature dependence of the elastic moduli was discussed in delsiil in 

Section 2.5. Tak,ing into account the various contributions to iJie temperature de­

pendence, the overall result, for typical materials, is that the elastic moduli approach 0 

K, with zero slope and decrease monotonically with increasing temperature.**'’® Thi.s 

simple picture is not applicable to raaterials undergoing phase transitions^®’̂ ’ or to 

materials with more complicated electronic stractwes.'^^’̂ ’̂̂  ̂ Figures 4.2 and 4.3 

show that the moduli of TiCrt.g behave in. a .normal fashion, becoining linear i.o tem- 

pe.rature at high tem.peratu.re. Figure 4.4 gives Poisson’s .ratio v, which increases very 

slightly with increasing temperature. Both the va.lue of v ~ 0..30 an,d the observed

temperature dependence are characteristic of metals 25

0.302

0.301

.2 0.300 
Pi
■ri 0.299 
g

^  0.298

0.297

TiCn.i

 r

,n

100 200 300
1 emperature (K)

400

Fig. 4.4 Poissoii’s ratio of polycrystalliiie TiCrj.s vs. tem.pe:ra.ture.
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The temperature dependence of the elastic constaiils of mmiy materials is 

described successfully by the semi-empiiical Varshni cxpression,^^

C (D -a O )-  (13)exp(̂  / i ) - 1

where €’(0), s, and t are three adjustable parameters with C(0) being the value of the 

elastic constant C at zero temperature. The solid lines in Figs. 4.2 (md 4.3 represent 

the fit o f Eq. (13) to the data, ’llie fitting parameters C(0), s, and t for the bulk 

modulus are ,167.5 GPa, 7.2 GPa, and 318 K; for the shear modul,us 78.6 GPa, 4.3 

GPa, and 265 K; and, for Yoimg's modulus 204.0 GPa, 10.8 GPa, and 271 K, 

respectively. As Figs. 4,2 and 4.3 .show, this simple expre.ssion gives a good account 

of the temperature dependence of the moduli. Thi,s provides additional evidence that 

the tem.perature dependence of the polycrystalline elastic moduli of TiCri.g resembles 

that of many other materials.

One of the applications of this .study lies in the realm of the hydrogen, storage 

properties of TiCri.s. In, particular, one can use the bulk modulu.s in a calculation of 

the hydrogen interaction energy. We now evaluate We/a.«icfot TiCri.g. In addition to 

the elastic moduli, v/j and v„ are needed. The partial molar volume of H in, TiCri.g 

was measured by i.yiich et to be V„ = 1.51 cm"*. Tlius, Vĵ  = = 2.51 x

10'̂ ® Using the lattice parameter .for TiCri.g of 0.6939 :n,m and 23.86 as the 

number of metal ato,m,.s in the unit cel! as inferred from the density, results in "■

1.40 X H)‘̂  ̂m,'̂ . Figure 4.5 pre.sents «<.&,,.&.■ as a function of temperature. The factor y 

= 0.38 in the present, case and depends only very weakly on temperature. A.s can be 

seen from Fi,g. 4.5, Uefystk- has only a weak, temperature dependence, essentially that of 

the bulk modulus. It has the value of approximately 0 .175 eV per H atom in, the
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range of room temperature and above. Taking into account the negative sign of Eq, 

(8), this value represents a negative contribution to the enthalpy of forniation.

0.182

0.180

I 0.178 

^  0.176 

0.174 

0.172

--------------------- y. ---------r

TiCr,.,

0 100 200 300
Temperature (K)

400

Fig. 4.5 Parameter describing the long-range elastic interaction energy of one 
interstitial hydrogen, atom with the stress fields of all the other hydrogen atoms, 
calculated from Eq. (7) usi,ng the elastic paramete,rs of Figs. 4.2 and 4.4.

The experimental results for the enthalpy of formation, AH, in TiCri.g are 

expressed as

M l a„ +b„{n„ / n j .  (14)

The result’*’ is -hff~ 0,0586 eV per H atom,. The e,xpe,rimenta! /?// includes the elastic 

interaction as well as electronic effects. Comparing the experimenta,! re.suit for hn 

with that for the elastic itite.racti,on. gives ticieanmk -  -O- l 16 eV per H atom. Taki.n,g 

into account the sign of Eq. (8) indica,tt*s that the electronic eflocts result in a positive 

contribution, to the enthalpy of fomialion. 'fhe electronic effect may be somewhat
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larger than, w,hat is reported, here, because the factor y  probably ii,o,derestin,iates the 

elastic contribution, at short range.^® One positive co,ntribtttion, to h/f is due to the 

fi,lliiig o f states at the Fermi level by the extra electrons brought into the metal by the 

hydrogen atom,s. In a simple band-,fil,ling picture, this effect gives a positive 

contribution, to the heat of formation proportional to \ /N (  El^) where N(EJfJ) is the

density o f states of the host ,iiietal at the Fermi level? The density of states for Cl, 5 

TiCra has been calculated?^'’ yielding a value of 1.29 states / eV. l'ak,ing spin into 

accoun,!:, /J’each hydrogen atom, contributed one electron to the conduction band, tlien 

it would take two hydrogen atoms to ,raise the energy by 0.77 eV. This represents a 

positive contribution to the heat of fo,rmatioii that is proportional to 0.39 eV |>er H 

atom. This value is obviously too high, J,ndi,cating that this picture is imdoubted,ly 

oversimplified. Short-range effects due to the local electronic structure are surely 

important.

Fitting statistical thermodynamic results to the measured pressure-composition 

isotherms in the TiCri j  -  H2 system indicated'® that the H-,H interaction parameter 

changed sign as a function of temperature, being attractive below about 400 K and 

repulsive above that temperature. The present results indicate that this sign reversal is 

not due to any unusual behavior of the elas'lic moduli. It must be said, however, that 

the moduli of the hydride could be qualitatively different from those of the host metal 

reported here.

As ni,entioiied i,ii Section 4.1, other parameters related to thermal p,roperties 

can be calculated from the elastic constant measurements. I’he values of and G at .3 

K give Co = 4.05 'x lO'̂  m/s for the average sound velocity in the m,aterial. Using this
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value in Eq. (10), the Debye temperaiiire, calculated from the 3 K moduli,, is found to 

be 500 K. The acoustic contribution to the low-lemperature specific heat is foimd to 

be c\ IT^ -  1,84 The Debye theory gives an accurate account of the long-

wavelength acoustic contribution to the specific heat at low temperatiires, Calorim.et- 

ric measurements, of course, include all contributions ~ phonon, electronic, and any 

other effects.

4.2.3 Conclusions

The elastic moduli of polycrystalUne TiCri.g have been measured over the 

temperature range of 3-410 K. The tenaperatiire dependence resembles tliat of 

ordinary metals, approaching 0 K with zero slope and decreasing linearly with tem­

perature at higher temperatures. The moduli measurements, along with other data 

from the literature, were used to calculate the long-range, elastic interacti.on between 

absorbed hydrogen atoms. This interaction is weakly temperature dependent, having 

essentially the temperature dependence of the bulk modulus. Expressed as a linear 

function of the H/(Ti + Cr) ratio, the interaction parameter decreases from, 0.182 eV 

per H. atom at 3 K to 0.172 eV per H atom at 410 K and represents a n.egative contri­

bution to the enthalpy of formation of the hydride. The elastic interaction does not 

appear to be responsible for the reversal of the sign of the H-H interaction parameter 

found in fitting pressure-composition isotheims to stiitistical thermodynamics models. 

Comparison of the elastic contribution, to the,mi,odynamic measurements indicates a 

positive electronic co,ntribiitioni of the heat of formation, of about 0.116 eV per H atom 

near .room temperature. The Debye temperature, calculated from the J.ow- 

tera.perature elastic moduli, was found to be 500 K.
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4.3 Temperatare Dependence of the Elastic Moduli of Polycrystalline

4.3.1 IntrodoctioE and Ekperimeintal Details

The intermetallic cornpound LaNis is of great importance for hydrogen 

storage applications;^® especially for use as an electi'ode in metal-liydride batteries. 

Alloys such, as LaM t̂Nis.x where M represents a metal atom that substitutes forNi, are 

commonly used because the basic properties can be altered in favorable ways by such 

substitution. One such property is the plateau pressure, discussed in Section 4.1. The 

LaAlxNis-x system, exhibits a unit cell expansion and concomitant decrease in plateau 

pressure upon the substitution of ,A1 .for We have previously measured and

reported the room-te.mpe.ratoe elastic coiistants of these alloys and found that th.e 

elastic constants decrease with increasing This section reports ultrasonic meas­

urements o f the elastic moduli of polycrystalline LaAh-Nis-x- over tlie temperature 

range of 3-415 K. Temperature dependent measurements of the elastic constants 

provide useM  .information. Theoretical calcu!at.i,ons of the moduli are usually made 

for zero temperature, thus low-temperature experimenta! results provide a better test 

of theo,ry. 'rhe temperature dependence of the moduli reflects the an.harm.onic nature 

of the interatomic potentials and thus provides a challenge for theorists. Finally, 

practical uses o f these materials often occur at tem.pe.ratures otlier than room tem­

perature.

LiiAhlSiis.* (x = 0, 0.25,0.50,1) compounds we.re prepared by O. Yelieske,! 

and I, Jacob at Ben-(5urion lJiiive,rsity of the Negev in Beer Sheva, Israel. The 

m.aterials we.re prepared by arc-nielting the elemental constituents (> 99.9 % purity)
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on a water-cooled copper hearlli under argon atmosphere. Atlainmenl o f single-phase 

CaCus-type iiitermetallic conipounds was confirmed in all cases by x-ray diffraction 

analysis. The attenwation of the ultrasonic signals in the as-casl samples, or in 

samples treated by standard annealing procedures, was so great that it prevented any 

meaningful analysis o f the corresponding experimental data. Subsequently, the brittle 

LaAl.xNi5., pellets were ground to powder less than 36 fm  (~ 400 rnesh) in size.

About five grams of each, powder were wrapped in. a thin. M.o foil and the “cigarettes- 

like sam.p.le was inserted into a low-carbon steel tube. One end of the tube was 

welded a.nd the samples were degassed at 225 “C at approximately 2 x 10'^ mbar for 

one hour. The second end of the stainless sled tube was welded at the termioation. of 

the degassing procedure. The tube was then introduced into a special chamber that 

was filled with argon, at 1000 bar. Electrical current coiicomitan;t.l.y heated the 

stainless steel tube to 1050 "C for two hours. The tube softened under these condi­

tions an.d transmitted the external pressure to the wrapped intermetailic powders, 

which, at the end of this hot isostatic pressing (HIP) procedure, were found to be solid 

bulk pieces. The many cracks and micro-cracks, easily observed in the as-cast or 

standard-annealed samples, vanished after the HIP. The iintenm.etallic compounds that 

underwent HIP treatment were also examined by x-ray diffraction. Slight changes of 

the lattice constants were observed. Ttie slight changes may be a result of the drastic 

procedure the samples underwent, or of some min.ute Ni segregation. Densities were 

measured by the liquid displacem.eM (ArcMmedes) method. liquid density was 

corrected for temperature vmiation. The accuracy of the density measuremen.t is 

estimated to be ± 0.4 %,
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The elastic moduli were measured using the tech.oic|ue of Resonant Ullrasound 

Spectroscopy (RUS), in the same manner as described in Section 4.2. The HIP 

samples were hand-polished into accurate rectangular parallelepipeds suiltible for the 

'ultrasonic measurements. The resulting edge dimensions were in 'the range o f  I to 2 

mm for the varioits LaAl4:Ni5.x samples. Figure 4.6 shows a section of an RUS 

spectrum, for the LaAlNii.o sample, taken at 10 K. Two resoiian,ces are .shown. The 

clean spectrum and .relatj'vely high (^-values (narro'W !ine.s) mdicate the high quality 

of the specimen. High 0-values were typical o f all the samples studied. The elastic

0.4

0.3

0.2

0.1
m

0.0

.432 1.440.434 1.436 1.438
Frequency (MHz)

Fig. 4.6 Section of an 'R.US spectrum 'for l.aA,INi4 at 10 K sho-wing two resonances.

constants were calculated from the tn,easured frequencies as described in detail i'n 

Chapter 2. For the entire temperature range investigated, the 'frequencies of the 

.lowest 25 resonances were meas'ured w.ith a typical .rms difl'erence between measured
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and computed Irequencies o f 0.20 % or less. The aggregate elastic moduli Ca  and 

C 4 4  were derived directly from the measured frequencies. From, these two moduli the 

po,lyci'ystalline shear modulus {(I), bulk modulus (B% Yo'ung’s modulus (E), and 

Poisstm's ratio (v), were computed us,ing the ,relationships given in Chapter 1, Eiq. (5). 

The measurements below room, te.mperature were made using a comm,erciai '*He 

cryostet and temperature controiler. Lithiuiu.-niobate compressionalmiode 

transducers were used to excite and detect ra,ec,hatiical resonances. ,Measurements 

above room, temperature were mcide using a comme're,ia! oven, and, temperature 

controller.

4.3.2 Results and Discussion

For all of the studied m.aterlals, a theoretical density was calculated from, the 

measured lattice constants. By co,m,parija,g this density with that measured by the 

Archimedes m.ethod, a porosity, S, was calculated. Room te,nnperature lattice 

constants, .measured room tem,pe,rature densities and theoretical x-ray densitj.es have 

been reported previously' '̂* Ibr all of the m,aterials. T,he porosity for the .LaAhNis-x 

samples ran,ged from 0 to 2.0%. Although the porosity is relatively low, it was 

decided to m,ake a correction for this effect so that the dependence of the moduli on x 

would not be distorted by th,e different porosities. The measured bulk and shear 

moduli were corrected in the following way. .In the limit of low porosity, different 

theoretical expressions give the same result for the correction.*’®'̂ *' For smal.l porosity 

the void-free bulk a,nd shear moduli, B  and G, may be written as

B s  1?. (15)
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and

(  1  ̂I? j _  ^
(16)

155 +20G„ 
1 + 5-

95^+8G^ ,

where Bp and Gp are the moduli measured in the porous material.

The porosity corrections throughout the entire temperature range of the 

experiment were made in the same maimer. Taking into account both the rms error in 

the RUS fit and that estimated for the density measurements, the resulting overall 

error in the absolute values of the moduli were estimated. These errors are 

represented as error bars on the graphs presented below. The relative error for each 

material is, of course, quite small and is essentially indicated by the scatter in the 

data.

Figure 4.7 shows the porosity-corrected shear modulus over the range of 3- 

415 K for LaAhNis-x (x = 0, 0.25, 0.50, 1.0). Figure 4.8 shows the porosity-corrected 

bulk modulus over the same range. With the RUS technique, the low-frequency 

modes are more dependent on shear than on compression, resulting in a higher 

uncertainty in the bulk modulus than in the shear, represented by the error bars in the 

figures. As noted previously, the other ei^tic moduli can be calculated from any two 

that are .known. Figures 4.9 and 4.10 show Young’s modulus and Poisson’s ratio for 

all of the alloys. Because thermal expansion data below room temperature are not 

available for the LaAfrNls-x alloys, the results have not been corrected for thermal 

contraction; the room temperature dimensions and density were used in the analysis 

as well as the room temperature porosity. The sample dimensions and density are 

needed to calculate the elastic constants deduced from the measured frequencies. 

Taking into account the direct dimensional effects as well as the indirect effect
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through the density, the computed Q  vitry inversely with the dimensions. As 

mentioned, in Section, 4.2, tramition m.etals typieiJly have a total thermal con,tractk)n 

of less than 0.2% on. cooling from room temperature to 3 K.*̂ ’ Aluminum has a total 

therm,al con,tTaction of less titan 0.5% on cooling from .room, temperature to 0 .K.’’ 

Furthermore, the thermal expansion of alloys does not seem to differ much from, that 

of the constituent elements. Assuming that the LaAlxNis., alloy.s behave similarly, 

co.rrecting tor thermal, contraction, would add at most 0.5% to the low-teraperatu.re 

values. Simi,larly, the vaJ,ues at 415 K w'-ouid be at most 0.5% lower with coiTcctions 

for therm,al expansion above room temperature.

o .
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Fig. 4.7 Shear modulus versus temperature for LaAhNls-x. The solid. Ikes 
represe,ri,t a .fit of the semi-empirical Vanshni expression to the data. The fitting 
parameters a.re given in Table 4.1,
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As described in Sectkm, 4.2, the adiabatic elastic conslants are given by the 

second derivatives o f the internal energy with respect to strain; thus, the temperature 

dependence of the lattice and electronic energies directly affects the temperatiire 

dependence of the Q . The oveKill result, for typical materials, is that the elastic 

moduli approach 0 K, with zero slope and decrease monotonically with increasing 

temperature. Figs. 4.7,4,8 and 4.9 show that the moduli of l^aAhNis,* behave in a 

normal fashion over the temperature range of the study, becoming linear in 

temperature at high temperature. Figure 4.10 gives Poisson’s ratio, v, which 

increases very slightly with, increasing tem.perature. Both the value of v « 0.30 m d 

the observed temperature dependence are characteristic of metals,

03
%O

T3
i
CQ
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136

132
X = 0.25

128

r = 0.50
X -  1.00124

0 100 200 300 400 500
Temperatiire (K)

Fig. 4.8 Bulk modulus versus temperatwe for LaAhNis-x. The solid lines 
represent a fit of t,he scmi-empirical Varslinl exp,ressioii to the data. The fitting 
parameters are given in Table 4.1,
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Ifl a purely harmonic lattice the elastic constants would be independent of 

temperature. Thus, in a qoalitatiYe seme, the temperatwe dependence reflects the 

anharmonic interactions. An examination of Figs. 4.7 -  4.9 shows that alkiy tag 

LaNis with A1 has only a 'weak effect on the temperature dependence of the moduli, 

which indicates that the anharmonic interactions contributing to the elastic moduli 

must be sinrilar in the two materials.

164

160

156

152

■X -  0.25

X •= 0.50140

136
100 400 500

Fig. 4.9 Young’s modulus versus temperature for LaALNis-^. The solid lines 
represent a fit of the semi-empirical, Vai'shiii expression to the data. The fitting 
parameters are given in Table 4.1.

The solid lines in. Figs. 4.7,4.8 and 4,9 represent Varstai fits from Eq. (13) to 

the data for LaAlxNis,*-. The fitting pa.rameters are .reported in Table 4.1. Due to 

scatter in, the bulk modulus for LaNts, a reliable Varslmi lit was not obtained fiir this 

material. As the figures show, this simple expression does give a good account of the

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



temperature dependen.cc of the modiiJI for the A1 alloys. This provides additkHiiai 

evidence that the temperature dependence of the polycrystalline elastic moduli of 

LaAfvNis-j resembles that of many other materials. The moduli change at. most 5 % 

on cooling from, room temperature to 3 K.
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Tein.pera,ture (K.)
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Fig. 4.10 .Poisson’s ratio versus temperature for LaAJxNi.s. .̂

The present measurement o f the x = 0 polycrystalline value of the room tem­

perature shear jnodiikis is 59.2 GPa. I’lie theo-tetical polycrystalline value is 53 

GPa.^® The single-crystal elastic comtaiits of l,.aNis have also been .measiired'^  ̂irom 

which a polycry'stailine average’̂  ̂shear modulus of 55.5 GPa is calculated. All of 

these numbers appear to be in. satisfactory' agreement with each other. T'he corre­

sponding measurecl value of the room, temperature bulk modulus is 136.9 GPa. This 

value is in. good agree.ment with the conipres.s,ibility measurements of Brotih.a and
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Buschow'^® for LaNis, which give a bulk modiil.us of 139 GPa. As Fig. 4.8 shows, A1 

substitutiott results in a decrease of the bulk modulus. Brouha mid Buschow studied 

the I,aC0xNt5.x system. Their results indicated that the bulk m.odiil.iis decreased with 

increasing x for Co substitution as ŵ ell. The magnitude of the eflect appears to be 

comparable for Co and A1 substitution. The theoretical modulus'^® for polyciystailine 

LaNis is 125 GPa, which is regarded as good agreement with oar experimental value. 

The polycryvStaliine value calculated from the experinieiital single-crystal results'̂ *̂  is 

126.8 GPa. Neither the estimated measurement errors nor the density of the single­

crystal were reported in Ref. 39, so that a fortJier comparison with the single-crystal 

values is difficult.

Table 4.1 Fit parameters for the seml-empirical Varshni expression of Eq. (13) for 
LaALNis.,!;. Fits were performed for the shear and Young’s modiili with jc = 0, 0.25, 
0.50 and 1.00 and for the bulk moduli with x = 0.25,0.50 and 1.00.

X C(0)(GPa) ^ (GPa) ?(K)

Shear

0 1 62.34 2.23 160.6
0.25 60.21 1.96 157.6
0.50 57.87 1.68 141.2
1.00 56.82 2.46 190.6

Bulk
0.25 137.8 4.68 239.7
0.50 131.2 ^ 4.73 257.2
1.00 129.2 3.22 236.9

Young’s

0 162.8 6.23 178.7
0.25 157.7 5.14 [ 164.2
0.50 151.2 4.51 150.5
1.00 i'48.7 6.12 194.3

Pressure-composition isotherms for hydride phase formation, introduced in 

Section 4.1, can be described by a lattice gas model with hydrogeii-liydrogeti 

in te ra c tio n s .T h e  rna|or contributioE to this interaction is iisiialty taken to be the 

elastic interaction energy, UekMk, which was derived in Section 4.2. Using the data
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for the elastic moduli at room temperatiire, along with, data for the lattice expansion 

upon absorption of h y d r o g e n , w a s  calculated for l4iAJ*Nis.*. 'I'he results 

are presented in Table 4.2. The critical temperature for the isotherms is given by

where i/ is the total hydrogen-liydrogen interaction which includes VeAmc and r is the 

number of interstitial sites per metal atom. I ’he effective r is often somewhat less

than the nmiiber o f sites that might in principle be available'*’ because occupancy of 

some sites blocks occupancy of nearby sites. The problem is particularly complicated 

in LaATNis-x because r may also depend on, x. If we take u as (or directly 

proportional to Ueim-tk) tb&n, as can be seen from, the values recorded in Table 4.2, Tc 

decreases with increasing x only above x = 0.25. As is obvious from Fig. 4,1, the 

width of the pressure plateau decreases as the isotherm approaches Tc. Therefore a 

low^ering of the critical temperature would also appeal* to .shorten, the length of the 

plateau, and hence decrease the hydroge,n absorption capacity. I ’he apparent 

unchanging value of Ue/a.,tk: between x = 0 and 0.25 should be regarded with caution.

It arises because the available data indicate tliat v// increases with x in, this region, 

while it is a slowly decreasing fmiction of x otherwise. It is intriguing to note, 

however, that E. Akiba et have observed an increase of the hydrogen capacity in

LaAlxNis.x when x increases 0 to 0.25. H. Diaz et al.^ have also reported an

increase of the hydrogen, capacity (and increase in the length of the plateau pressure) 

in the x = 0.1 compound relative to the x 0 compound. A signi,ficant decrease in, tlie 

hydrogen, absorption capacity i,n LaAhNis.* occurs ,for .x > 0.25. Our results seem to 

be consistent with the idea that the hydroge,n capacity may increase up to x = 0.25, but
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decrease above that value. The elaslic interaction energy, being dependent on the 

bulk modulus, is also weakly te,m;perat«re-dependent, as was shown in Fig. 4.5 for

The values of Cji and G at 3 K have been used to calculate c,,, and the 

vibrational contribution to the low-tem,peratiire specific heat, c\ fT ’\  for LaAh-Nis,.,-. 

These values are reported in Table 4.2. The Debye t.emperatuj*e ranges from 370 to 

375 K, which is in good agreement with heat capacity measurements'*^ where the 

results ranged from 351 to 358 K for the same range of x. The difference between the 

two sets o f  Debye temperatures is at most 6.8%. (The present acoustic values, based 

on the lo w-temperature moduli, are about 3 % higher than those reported earlier based 

on the room-temperature moduli.' '̂* The present values are to be preferred.) I ’he heat

Table 4,2 The elastic interaction energy calculated from room temperature values and 
the average sound velocity, Debye temperature and acoustic contribution to the low- 
temperature specific heat, calculated from the 3 K elastic moduli for LaAh'Nls.a;.

X êlastic (cV) c'o (m/s) (K)
c JT^  (.T/(mol 

K'*))
0 0.232 s .otT I o^ 375 2.21 X 10"^

0.25 0.232 3.06x10^ 373 2.25 X 10'^
0.50 0.194 3.04 X i(F 370 2.31 X  10'^
1.00 0.187 3.11 X 10-* 375 2.21 X KT̂

capacity measurements'**’ report values for the electronic specific heat constant, A , at 

low-temperature. These values can be used along with our values for the phonon 

contribution, A = c,, /T  ', to find the total specific heat,

c{T) AT + A T \  (18)
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As would be expected, &e first term dominates at very low terofserature with the 

second term crossing over md dominating at a few Kelvin (5 K .for laNis).

4 3 3  Conclusions

Using a hot. isostatic pressing technique, polycrystalline samples of LaAl.jcNi5.v 

suitable for u,ltraso«.i.c .measurements have been produced. The elastic .moduli of 

samples with x ranging from 0 to 1 were determined over the range of 3-415 K. The 

results were corrected for porosity so that values expected for the fully-dcn.se m.ateria! 

were found. The temperatiire-depeodence resembles that of ordinary mettils, with no 

indication of a phase change or unusual electronic effects. Poisson’s ratio was 

independent of x withi,n. experimental error and .re.mained .nearly temperature- 

independent with a value around 0.31. The Debye tem.peratures were calculated from, 

the 3 K moduli and were in good agreement with values reported from heat capacity 

measure.ments. The acoustic contribution, to the low-temperatiu-e specific heat was 

also calculated and compared with the electronic co.ntribution reported in the 

literature.

For both of the materials, TiCri_s and LaAhNis-^e, the elastic interaction, energy 

of one interstitial hydrogen atom with the strain field of all the other hydrogen atoms 

was calculated. The critical temperature of hydride formation is proportional to this 

energy. The information reported here should prove useful to theorists in calcijl.ations 

of electronic structure and should add to the fundainenttil understanding of the 

processes o f hyd.ride formalion.
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Chapter 5 

Conclusions

Resonant ultrasound spectroscopy (RUS) has been used to study four different 

hydrogen-absorbing intermetailic compounds. A fundamental study of the properties 

of hydrogen motion within a host metal lattice was imdertaken on two different Cl 5 

Laves-phase compounds. The H motion within these materials has shown unusual 

behavior, with two frequencies of motion and strong effects on the frequency upon 

the substitution of deuterium for hydrogen. These results were obtained by deter­

mining the ultrasonic attenuation as a function of temperature from low temperatures 

(--O.S K) up to room temperature and above. The hydrogen-absorbing compound, 

TiCri.g, was studied in order to investigate the elastic contribution to the hydrogen- 

hydrogen interaction energy, an important parameter for the stability of a metal- 

hydride. In a similar study, the technologically important intermetailic compound, 

LaNis, was studied along with alloys having Ni substituted with various amounts of 

Al. The temperature-dependence of several polycrystalline elastic moduli were 

determined from 3-410 K for TiCri.g and from- 3-415 K for the La-Al-Ni alloys and 

used to estimate the temperature-dependence of the elastic energy and various 

parameters derived through Debye theory.

liarlier work on, TaVa loaded with several different H and D concentrations 

prompted the .further study of thi,s interesting system. Ultrasonic techniques were
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used to study H(D) motion in TaViHo.is, TaVaDoj? and TAVaDo.scs, providing strong 

evidence for the local qiiaiitiim tunneling of hydrogen in Laves-phase materials, 

motion that remains extremely fast even at very low temperatures. ITils study also 

provides details concerning the difliusive motion of hydrogen . The magnitude of the 

ulti-asonic loss for the hexagon-to-hexagon hopping, the rate-limiting step for long- 

range diffusion, was found to be linear in D concentration, as was previously found 

for H. T’he parameter describing the coupling between inter-hexagon g  sites and 

strain had the value 0.17 eV for both isotopes. The relaxation rate for TT(D) motion 

exhibited a small isotope effect and was well described by an Anrhenius-type 

expression. The single-term relaxation time indicated that the mechanism for this 

motion is dominated by phonon-assisted tunneling between excited states, for 

temperatures above -  200 K.

In marked contrast to these high-temperature peaks, much weaker peaks were 

observed at lower temperatures that exhibited totally non-classical behavior. These 

peaks were attributed to motion within a hexagon of g  sites. The relaxation rate was 

satisfactorily described by a non-classical expression, similar to the results from a 

barrier fluctuation model in the theory of quantum tunneling. The parameters used to 

describe the relaxation rate for TaVaDo.so were the same as those used to describe 

NMR spin-lattice relaxation measurements at higher temperatures on the same mate­

rial. The relaxation rate for TaViDo.i? was somewhat faster than that for TaVaDo.so? 

in agreement with the concentration dependence found from NMR. expe,ri.m,ents. Also 

in qualitative agrceme,nt with NMR measurements, the relaxation rate .ior H was over 

an o,rder of m,agnitude faster than that for D for similar concentrations. Within
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experimental error, the same value of 0.1 eV was found for all three materials for the 

coupling parameter between intra-hexagon g  sites and strain. No information about 

this coupling parameter was previously available.

Previously undetected attenuation peaks, not associated with the local or long- 

range motion of H(D), were observed at intermediate temperatures in the TaVaHCD)* 

materials and attributed to an order-disorder transition of H(D) atoms among the 

interstitial sites. Iliese peaks provide experimental evidence for an earlier suggestion 

that the temperature-dependent mobile population is related to ordering.

Along witii NMR results in publication, these are the first parameters reported 

for H(D) motion in TaVa at such low concentrations. The ultrasonic measurements 

are particularly well-suited for studies of low-concentration interstitial atom diffusion, 

being extremely sensitive to anelaslic relaxation. The low-temperature loss peak due 

to the local motion of hydrogen had not been seen previously. Although this 

indicated a strong isotope effect, it was only possible to speculate as to why this peak 

had not been .seen. The current study has taken advantage of the sensitivity of the 

measurements by succeeding in lowering the overall background loss and decreasing 

the scatter in the data. The resulting observation of the low-temperature peak for 

TaVaHo.ig provides convincing details concerning the local motion of hydrogen, 

including parameters for the extremely fast hydrogen motion and a consistent 

explanation of the strong isotope effect.

Ultrasonic measurements also were made on the Laves-phase compound 

ZrCr2H(D)* over the temperature range of 5-295 K. Concentrations of hydrogen and 

deuteri'um were x(H) = 0.09,0.15 and 0.31 and x(D) = 0.12 respectively. Attenuation
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peaks associated with H(D) motion between g-site hexagons were observed in all of

these materials for measurement 'frequencies of approximately 1.5 MHz. The peaks 

were centered at 50-75 K 'for H motion, while the peak for D motion was centered at 

160 K. This strong isotope effect has been interpreted in. terms o f quatttum mechani­

cal mechanisms of diffusion. In the temperature range of our measurements, the 

dominant mechanism appears to be tunneling transitions between ground state.s. A 

two-term, A.tThenius process ha.s been proposed to explain NMR results for ZrCr?. at 

higher temperature.s, with one term corresponding to tunneling between ground states 

tmd the other to tunneling between excited states. The current results provide strong 

confi.rmation of the idea of a two-term Arrhcniiu.s process. Tunneling between groun,d 

states has been discussed theoretically for a two-level system, which is an appropriate 

description of an interstitial atom, such as hydrogen occupying either of two nearby 

sites. However, there has been very little evidence indicati'ng the existence of this 

mechanism 'for motion. The current results provide strong evidence for this novel 

mode of hydrogen diffusion. The shear modulus of ZrCr2Ho,o9> ZrCr2Ho.i.‘; and 

ZrCraDo.ia wa,s also measured. The overall temperature-dependen.ee was similar to 

that of typical m,etals. A, smal,l shift was observed in. the modulus for each material at 

a temperature corresponding to the relevant peak in the ultrasonic loss, which is 

consistent with the interpretation that these peaks were due to ,H(D) relaxation. These 

are the first measurements comparing hydrogen motion, to deuterium motion in, ZrCr;>. 

The obsert '̂cd isotope effects are a clear indication of quantum behavior in the long- 

range diffusive motio,u of H(I>) ,io. this Lave.s-phase material.
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The results for TaV-j. and ZrCr;? provide insight into the complicated behavior 

of hydrogen motion in .Laves-phase interm.etalllc compounds. Quantum meclmnica! 

motion with an Arrhenius-type appearance was observed for the long-range motion in 

each material. It has been shown that the particular mechanism 'that dominates is 

dependent on the system and the temperature of the measurements. NM.R results for 

ZrCfaH* over the range of 130-430 K revealed a change in the activation energy 

below 200 K, and thus a change in the dominant diffiision mechanism. Our 

measurements, in. the range o f4-200 K, confi.nned this interpretation, with, tunneling 

between ground states being the dominant mechanism for the long-range motion of 

hydrogen, in, ZrCha- The sho.rt-ran.ge mo'tion. of hydrogen in TaVa remains extremely 

fast down to very low temperatures and does not have an Arrhenius-type appearance. 

This motion may be due to barrier fluctuations. A consistent picture was used to 

describe the results in the TaVallCDX- and the ZrCr2H(Dh systems.

In a more applied study, the elastic moduli of pr>lycrystalline TiCri.g were 

measured over the temperature range of 3-410 K. The temperature-dependence 

resembled that of ordinary metals, approaching 0 K with zero slope and decreasing 

linearly with temperature at hig.her temperatures. The modulus measurements, along 

with other data from the literature, were used to calculate the long-range, elastic 

i'nteraction betw'een absorbed hydrogen atoms. This interaction is weakly tempera­

ture dependent, having essentially the temperature-dependence of the bulk modulus. 

Measurements such as these are becoming increasingly important for a complete 

und.erstand.ing of h'yd..rogen-metal materials. The use of the elastic moduli, measured 

in this w'ork, to evaluate elastic energy contributions to hydrogen-hydrogen
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interacti,ons is a valuable addition to the growing emphasis on a fmidamenta! 

imderstaBding of these systems. Expressed as a linear function of the H/(Ti + Cr) 

ratio, the interaction parameter decreases from 0 .182 eV per H atom at 3 K to 0.172 

eV per H, atom, at 410 ,K an,d represents a negative contribution to the enthalpy of 

form,ation, o f the hydride. Comparison of the elastic contribution to thermodynamic 

measurements indicated a positive electronic contri.butioii of the heat of formation of 

about O.l 16 eV per ,H atom near room tejn,iperature. lliis  m.fomiatioji should be 

useful to theorists who do electro,uic structure calculations. The Debye temperature, 

calculated from the low-temperature elastic moduli, was found to be 500 K.

Temperature-dependent measurements also were made on polyorystalline 

l^aAhNis-^f with x ranging from 0 to 1. The elastic moduli were determined over the 

range of 3-415 K. The .results were corrected for po,rosity so that values expected for 

the fully-dense materia! were found. I'he temperature-dependence resembled that of 

ord.inary metals, with no indication of a phase change or unusual, electronic effects. 

The similar temperature-dependence observed in each of the studied materials indi­

cates that the anharmonic nature of the interatomic potentials for each material is 

sim,iiar as well. The present m.easureraents of the x = 0 poly crystalline room- 

temperature shear and bulk moduli were 59.2 GPa and 136.9 GPa, respectively. 

Theoretical values for the shear and bulk moduli are regarded to be in good agree- 

m.ent with our expeiim.ental values. Poisson’s ratio remained nearly tempe.rature" 

independent with a value around 0.31. The Debye temperatures were calculated fro,rn 

the 3 K moduli and were i,n good ag,reemcnt with values reported from heat capacity 

m,easuremen,ts. The acoustic co.ntribution to the iow-temperature specific heat was
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also calculated and compared with the electronic contribution reported in the litera­

ture, The effect of A1 substitution in l,.aNi5 is to expand the lattice, decrease the bulk 

modulus and lower the plateau pressure, llie  results of this work should prove usefol 

in discerning trends or correlations that could help in the select ion of new raetal- 

hydride materials.

These four studies illustrate the power of resonait ultrasound spectroscopy to 

investigate fondamental physical properties m d to contribute to an imderstanding of 

materials that have technological importance. This dissertation increases the under­

standing o f qujmtiim, mechanical effects observed in the diffusion of light interstitial 

atoms. It also reports various elastic and thermal parameters that influence the 

productivity and viability of hydrogen-absorbing compounds currently used in 

technology.

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


