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ABSTRACT

Hydrogen trapped at dislocations in Pd was studigia the incoherent inelastic
neutron scattering (IINS) at two temperatures dherenergy transfer range of 250
meV. The primary objective of this study was tadstthe vibrational density of states
(VDOS) of deformed Pdfho1r at 5 and 300 K over an energy transfer range
corresponding to the multi-phonon and second drdenonic regime respectively.

A free recoil neutron subtraction method was dgwedbto identify the proton
recoil intensity within the impulse approximatidrne mass of recoil particle is 1.10
amu and 1.12 amu while the recoil energy is locate2D8 and 206 meV for 5 K and
300 K respectively.

The 5 K VDOS primary peak energy was observed a 6EV, and is attributed
to thep phase palladium hydride. The 300 K VDOS first hamim peak at 68.2 meV
corresponds to the phase palladium hydride.

The comparison of experimental and calculatedteswdicate the higher energy
peak found at 5 K is due to multiphonon events simalvs spectral hardening leading
to a higher energy; comparing to the 4 K Rgidlata. The environment of trapped
hydrogen in this research is perturbed and resutlgferent peak positions.

The comparison of experimental and calculated tesifilsecond harmonic peak

at 300 K shows good correlation with the data oHRdsat 295 K, in both the
i



anharmonicity parameters (19 meV) and the peakiippsiThe given value of 137

meV in the published data was not found in the messent, likely due to a loss of

degeneracy and associated broadening.

This free recoil subtraction method was supporiethb two dimensional plots of

energy transfer versus wave vector transfer (Bylsefore and after recoil subtraction.

The shift of intensity maps at free recoil regiordasecond peak area confirmed the

effectiveness of the recoil subtraction method.
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CHAPTER 1: INTRODUCTION and

BACKGROUND

1.1 Palladium-Hydrogen System

Hydrogen dissociates when entering the palladiattice, occupying random
octahedral interstices in the fcc palladium lattjgg¢ Figure 1.1 shows the phase
diagram of Pd-H system. Thephase is the low concentration phase of the system
separated from the high concentration phaby a mixed phasexf o’) region. At 300
K, the maximum hydrogen solubility of thephase is 0.017, while the purephase
exists at [H]/[Pd] greater than 0.60. The equilibmi hydrogen pressure stays constant
over this two solid phase region [8]. In Figure pr2sents the pressure-composition
isotherm of palladium versus the absorbed hydrogle, phase diagram was
constructed by connecting the inflection pointsliffierent isotherms.

Metal hydrides generally depend strongly on tempeeaand H gas pressure.
Figure 1.3 presents the pressure-composition isoth&f the Pd-H, showing the
hysteresis characteristic of the metal hydridese Thateau region shows the
coexistence of the two phases. The hysteresis pi@man is due to the pressure
needed for hydride formation is greater than trmdgosition pressure. Flanagan and

Clewley [19] have further related the hysteresishet the chemical potentials of the
1



metal atoms are not equal. Other researches aédbhysteresis to the plastic
deformation during both hydride formation and hgdridecomposition. It is also
shown by Jamiesoret al. [20] that the dislocations are created during the
decomposition progress, and after éhi® o’ or o’ to o phase changes, the dislocation
densities could reach 010" cm? compared with the sample under heavy cold
working. The cycling process between the two phiagens increase the dislocation

density has also been proved in the study from éfeaisal. [4, 5].
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Figure 1.1: Phase diagram of Pd-H system [12].
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Figure 1.3 Hydrogen isotherm for Pd at 393 K, ti mark represents the first sce
and theV represents the second cycle scan for the sample; the open and fille
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1.2 Hydrogen Vibration (Harmonic and Anhar monic Effects)

Assuming hydrogen atoms vibrate like a chain ofiglas with equal space and
connected by elastic springs, then the potentiatggnof the latticey, can be written

as

V=33 U (X %) (1.2.2)

n m>0

with x,, represents the coordinate of thiln particle at any instant timé) is the
interaction energy between two particles, = na +u,, and u, denotes the
displacement of particle from its equilibrium pamit. Expanding the potential energy
term in Taylor series on the position of= ma, wherea is the distance between each

particle,

U (%= %) = U(Mat U, .- )
=U(Ma)+ (U~ W U(MA*+Z( 4= 47 O Mpe..

(1.2.2)
the first two terms in the Equation 1.2.2 represenharmonic potential energy, with
the higher terms representing an anharmonic paieetiergy [21]. The former
indicates the force and displacement of partickdinear, while the higher terms
indicate a non-linear correction to particle digglaent.

The vibration of isolated hydrogen atoms in Pdaspurely harmonic; therefore

anharmonicity effects should be considered. Isdlatgrogen atoms in potential will

deferred by neighboring Pd atoms. For an octahesitalin fcc lattice, which has



cubic symmetry, the potential energy can be resnithnd expanded in the three

dimensional form as

U(X,Y,2)=¢(X+ ¥+ D)+ g X+ Y+ 2

(1.2.3)
+C,, (XY + Y2 2+ Z X
the energy eigenvalues can be expressed by
& =2 [ha)o(j+1)+ﬂ(12+j+3)}
j=mn 2 2 (1.2.4)

+y[(2| +1)(2n+ D+ (In+ 1)(+ DF (+ D)(+ 1}

with |, m, n represent the quantum number of vibration in ZY Xlirections separately,

and

2c, 3n’c, h’c,,
C(E = —=, z;:—, == 1.2.5
M 4Mc, 4 8Mc, ( )

from equations above, the lowest excitation energan be derived as
‘9100 = gOlO: 5001: h% + 2ﬁ+ 4y
E00= Eo20™= € 002 =21 p + 65 +8y (1.2.6)
En10= Eon= E1n =2hay +4B+12y
There is a physical explanation for each paramegtet. 0 means the three
direction of vibrations are independent, positfeepresents the potential has the

shape of well-like, while the negatiyeindicates a trumpet-like potential well [12].

See Figure 1.4.
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Figure 1.4: Three types of potential well for arnemstitial hydrogen atom: (a)
harmonic, (b) trumpet-like, and (c) well-like [12].

The degree of anharmonicity can be measured frasarobd excitation energies
using Equation 1.2.7.
AE" =¢,,,-2¢£,,,=28 1.2.7)

Some of the published anharmoniciry parameter$isiesl in Table 1.
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1.3 Hydrogen-Didlocation I nteraction in Defor med Palladium

In this chapter, the fundamental concepts of hyeinedislocation interactions
and trapping behavior are introduced. The explanaif experimental measurements
in this study depends on these concepts. The Hemac model, in Equation 1.3.1,
was used to describe the absorption of solute aiontke dislocations [15]. The
relationship between the bulk concentrati@nand the hydrogen concentration near
the dislocation fieldC(r, 8) can be expressed in Equation 1.3.1.

C(r,0) Co —an

= exp¢

1-C(r,8) 1-Co ke T ) (1.3.1)

whereoy, is the hydrostatic stress associated with the cision, v is the internal

volume expansion corresponds to the interstitifiiteoatoms, ks is the Boltzmann

constants, and is the temperaturew representdV, the interaction energy between

solute atoms and the defect.

The internal volume expansiamof interstitial hydrogen can be related to the

partial molar volume of hydrogenVby

1+v) 1
v=V, | — 1.3.2
H(l—ijNA ( )

with Nais Avogadro’s number andis the Poisson’s ratio [15].

The elastic interaction energy associated with &gen trapping at edge

8



dislocation is given by [16]

UhU:—l(Urr+0'99+0'z)U:'Ubeu(l-'-vj sing (133)
3 3t \1-v) r

hereg;; are the normal components of the edge dislocati@ssfield, iis the shear
modulus,beis the edge component of the Burgers vectbris the angle between the
glide plan and the point of interestis the distance from the interstitial atoms to the

dislocation sites. The geometry is shown schenlbticaFigure 1.5 [17].

Compressive Stress

Glide Plane oo oo o ——__ _ _ _ _ _ _____

Tensile Stress

'\ Constant Attractive

Interaction Energy

Figure 1.5: Schematic diagram of edge dislocatiopalar coordinates, the circles
represent the constant interaction energy [17].

The region above the glide plane is under compressiess, while the region
below is under tensile stress. The hydrogen sohiliepreferentially trap below the

glide plane and at the core.



The integral number of solute hydrogen atoms alegbiiv the elastic field of the

dislocation, N/L, is given as

N R max 2
== [ rdr ! do[C(r.8)-C, | (1.3.4)

R min

with Ryin andRyax represent the inner and outer radius cutoff raspy, this ignores
core trapping. In general, tHR., equals to one Burgers vector, thg.Rs usually

chosen to be one half of the average dislocatiparagion [16].

Insertion of the Fermi-Dirac approximation into &tjon 1.3.4 yields

N _Ree £+1
T— I rdr!dg{w_l} (135)
R min
where {zlcé . The contribution of core trapping hydrogen is ootsidered in
) 10

Equation 1.3.5.

The research of Kirchheiet al [18] stated that the additional interaction forces

between hydrogen atoms need to be considered ailétted region close to the core of

an edge dislocation. The higher stress caused digrtion leads to concentration of

hydrogen atoms, the hydrogen binding energy nedoadition core is -0.6 eV based on

the study of Kirchheim. The core contribution te #txcess hydrogen can be estimated

10



as

(1.3.6)

site

(Ej = aﬂRz min N

where a is the hydrogen site occupation fraction in thénidride phase and.,_is the

site

octahedral site density of Pd. The difference akwcor edge dislocation was not

identified in Equation 1.3.6.

1.4 Phonons

Phonon is the term used to describe the quantagidd vibrations [13]. The
phonon density of states can be studied througB Bkperiments.
Theory of lattice dynamics

The concept of lattice dynamics will be addressefite discussing more detalil
of phonons and applications. For a crystal haviatpms, there ar& normal modes
for each wavevectog. Each mode is independent and has its own frequandy
polarization factor to indicate the displacemen¢ction of each atom. For- 0, three
modes of the angular frequencies tend to be zabitee remainin@r -3 tend to be a
finite value. The former are defined as acoustidesoand refer to atoms vibrating in
phase in the unit cell, while the latter are knasroptic modes and indicate the atoms
vibrate out of phase by 180° [12].

Considering a system with equally spaeedlternate different mass atomsand

11



M. For the acoustic branch, as»€, the particles vibrate in phase with the same

amplitude; as e>* 77/2a, the amplitude of light particles tend to zanal only left with

the heavy patrticles continue to oscillate. Fordlpécal branch, ag — 0, the particles

m and M vibrate out of phase by 180°, which indicates gpasite direction

displacement; as g + m/2a (the first Brillouin zone), contrary to the caseacoustic

branch, the light particles oscillate while theraifion of heavy particles tend to zero

[21]. The illustration is shown in Figure 1.6. Tefare, in Pd-H system, the optic mode

vibration of hydrogen atoms has distinctive higlreguency than the acoustic mode

due to a lower mass than Pd atoms.

For acoustic and optical branch, each branch has \tibrational modes,

longitudinal and transverse modes. The particléngitudinal mode vibrates along

the direction of wave propagation, while the pé#tion transverse mode vibrates

perpendicular to the direction of wave propagatiBigure 1.6 shows the typical

phonon dispersion curves in Pgda The transverse optic modes of deuterium show the

isolated oscillation movement of each deuteriurthasystem, while the longitudinal

optic modes represent the dispersion relation batwiee D-D atoms.

12



m M

m M i M m M
—eC> - ' O & 0
e e e o B N M Y

Equifibrium
position

Acoustical | g =0
branch w =0

Acoustical | g=="2a

hraﬂnch w=wy
Optical g=10
branch W= Wy
Optical g=w/2a
branch w=uw;

Figure 1.6: Transverse displacements of the chaintlie acoustical and optical

branches correspondingqe0 andg=77/2a [21].
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Figure 1.7: Dispersion curves in Pglfg with filled and open symbols represent the
data taken at 150 and 295 K respectively. The tiashis for pure Pd. Taken from
Roweet al.(1974) [25].

1.5 Coherent and I ncoherent Inelastic Neutron Scattering

The neutron scattering can be separated as elasticinelastic scattering,
depending on the difference of incident and soadtereutron energy. The elastic and
inelastic scattering could be further categorizedaherent and incoherent individually.
Due to the periodic arrangement of nuclei in atalyshe scattering waves caused by
neutron may interfere with scattering waves frorheotnucleus in a crystal; this

interference is known as coherent scattering. @nctintrary, if the nuclei scattered

14



independently, the scattering is known as incoliesmattering. In general, the
information of dispersion relations could be acbki¥rom inelastic coherent scattering,
while the inelastic incoherent scattering providles information for the frequency
distribution function [21].
For a set of fixed nuclei, the differential angutaoss section could be expressed by
[23]

g—g:[<b2>—<b>2}+(%j<b>zizj:exp[iKE(R -R)] (15.1)
with b as the neutron scattering length, a measure dfttbagth of the scattering at a
particular nucleus for a given total spin statgd3d Quclear spiht 1/2); N is the number
of the nuclei; k =k — k" is the scattering vector aftis the position of the nuclei. The
first term, [(b?) — (b)?], is the incoherent scattering while the remairtingn is the
coherent scattering. It is in general to separhésd two terms in more through
discussions and this could be referred to the dson presented below.

One of the advantages of using inelastic neutraitexing spectra to study
vibrations of hydrogen atom is the uniquely higbaherent scattering cross section of
hydrogen atoms compared with other heavier atorhss advantage makes IINS a
suitable technique to study the dynamic informatudrthe scattering system. The

incoherent scattering cross sections of some elenaee listed in Table 2.
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Table 2: Values ofg ¢on and ginc.

Element Z O coh Jinc
H 1 1.8 80.2
’H 1 5.6 2.0
Pd 46 4.5 0.09

(a) The units ofg cehand gincare 16°%m?.
(b)The'H and®H values are taken from Koester (1977)[14],
and the Pd data is taken form reference [22].

Coherent Inelastic Neutron Scattering

The coherent scattering cross-section can be esguess below [23]

(d?:daE')COh = Z;";hk 27121'1 Z ]2 <exp{-ix [R(0)}exp{ix (R, (1)} >exp(-iat)dt(1.5.2)

[

with the scattering vector as =k —k' , the cross-section agcon= 47T(5)2. Equation
1.5.2 represents the number of neutrons scattatedan element of solid angléQ
with energy lying betweerkE' and E'+ dE'when unit flux of neutron is incident on
the scattered sample. The coherent scatteringaemssine positions of same particle at
different times and the positions of different pdet at different times, which results to

the interference effects [23].

I ncoherent Inelastic Neutron Scattering

The incoherent scattering cross-section can beeegpd as below.

d’ o K1
( g )incza-mc_ Z

ogE ™ = 4 o 2 | <expHiK (R(O)}explix [R (1) >exp(-ian)dt (1.5.3)
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with the scattering vector as =k —k' and the cross-section@g. = 477(?— (b)?).
In incoherent inelastic scattering, the equatioly @epends on the positions of the

same nucleus at different times without the interiee effects in coherent scattering.
Phonon Density of States

In quantum physics, the phonon density of statggesents the collective
number of allowed energy states per unit energgrial of a system. Because the
neutron scattering of hydrogen atoms is dominatgdifzoherent scattering,
incoherent scattering will be used as an examplexf@ain the concept of phonon
density of states.

In Equation 1.5.3 the self intermediate function ba defined by

| (k,t) = %Z}'ﬁ exp{-ik R, (0)}exp{ix R, (1)} > (1.5.4)
whereN is the number of nuclei in the scattering systend the incoherent scattering
function is defined as below

sﬁnc(/(,w):% [ 1,0, ) expicet )it (1.5.5)
which is the Fourier transform of the intermediéwection, then we rewrite the
incoherent scattering cross-section with EquatioB.41and Equation 1.5.5, the
incoherent scattering cross-section can be rewréte
d’c k'

- a-inc -~
(deE')i”C T 4T K NSpe(k, ) (1.5.6)

In Equation 1.5.6 form, the incoherent scatterimgction not only emphasizes the
17



dynamics of each individual atom in the sampledpettan the Equation 1.5.3 form but
also directly relates to the intensity By,.(k, w), the dynamic structure factor, when
summed over all the atoms in the sample [13].

The incoherent scattering law, also known as dyoastructure factor, for one
phonon approximation can be expressed as below

Sk @)= (04T (2 DK g@)exptai <u’>)  (15.7)
IM |of * 2

whereg(w) is the phonon density of states, also known asuéreqy distribution
function of the scattered nucleus and defines timeler of vibrations per wavevector;
n is the average number of phonons at temperature d&fined as
ﬁ:[exp(hw/kT)—lTl; and k =k—k'; the plus and minus sign in Equation 1.5.7
represents the neutron energy loss or gain, raspbcfl2].

Equation 1.5.6 and Equation 1.5.7 indicate that itheoherent scattering
cross-section is directly proportional to the phodensity of states; therefore, by using
the IINS technique to measure the energy distoubf neutrons, the frequency

distribution spectrum is derived.

1.6 Free Recoil IINSTheory

In the metal hydride system, three different typeproton interaction could be
expected. (i) Ideal gas of protons moving alma=ly in the crystal. (ii) Protons trap in

crystal defects without forming strong covalent @ofiii) Protons trap in crystal
18



defects with strong covalent bond. Fillagixal [24] indicated that most of the protons
are not covalently bonded in the crystal but atieetramobile. It is reasonable to suggest
that the first and second types of interaction bute to the free recoil signals
collected by the detector. The second type of attgwn, with the stuck atom gains
sufficient energy from the neutron that its recuitild also appear as a free atom.

The impulse approximation is used to describe thadtering by an atom from its
initial state in the bulk material to a final state a free particle [36]. The impulse
approximation assumes that the binding forces an trget particle during the

collision with the incident particle are ignorechelequation is defined as below
. r h
imSQB=[psE 2D a6

whereQ andE represents the momentum and energy transfer aictigering neutron,

hZQZ

the recoil ener =
g¥, oM

, n(p)is the atomic momentum distribution of the

scattering atom and can be expressed as

n(p) = _exp(- 22_ ) (1.6.2)

1
(27 ,?)
with o as the width of the momentum distribution deterrdifrem the experimental

fitting. By using the impulse approximation, thendynic structure factor can be

derived as

. (E-E)’
exp( ZUPZhZQZ /MZ) (1.6.3)

19
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and will be latter used in the recoil subtractioetihod.

In this study, the intensity generated by freeilgarotons are believed to have

considerable effect on the measured S(Q, E), msiskion and related published

research could be referred to Chapter 2.3.
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CHAPTER 2: LITERATURE REVIEW OF

NEUTRON SCATTERING EXPERIMENTAL

RESULTS

The published research in neutron scattering isesddd in this chapter. This
research includes the coherent inelastic neutratieseng and the incoherent inelastic
neutron scattering which mainly focused on repriedeme studies. This chapter
concludes with related experiments in free recatgns.

The neutron was first discovered by J. Chadwick332 in the experiment of
beryllium bombarded witli-particles. More detailed properties are listedTable 3
[12]. Neutrons are scattered by nuclei, dependimgvbether they exchanged energy
with the nuclei or not, the interaction can be Hertclassified as elastic or inelastic
scattering. The energy lost or gained by a nedtrdime interaction with crystals can be
viewed as due to the emission or absorption of phenBy measuring the scattered
angles and energy of the scattered neutrons, angiela both structural and dynamic

information on the scattering system through phosyectra.

21



Table 3: Properties of the neutron [12].

Property Value

Rest mass

mw/kg 1.67492880%"
my/u(a) 1.008664904
mnc/MeV(b) 939.56563
Spin,| 1/2

Charge number, z 0

Mean life/s 889.1

(a) On the unified atomic mass scale, relativénéonhass of carbon-12 defined as 12.
(b) Energy equivalent.

The study of Miller and Brockhouse [40] employeck theutron scattering
technique to investigate the lattice behavior dedteonic specific heat of palladium.
Their research found two anomalies in the disparsigves for palladium, one is the
slope increase of the dispersion curve at waveovetiou(277/ a)[0,0.35,03 5, the
other is the broadness and shifting of the anonaly lower wave vector when
temperature increased. By using the frequency aeqaired from the measurement,
they estimated the electronic specific heat ofgalim through the comparison of
with and without anharmonic corrections. The resa@ireed well with other
calculations using rigid-band and Debye models.cBnouse is also a Nobel Prize
laureate for his pioneering achievementsthe development of neutron scattering

techniques in studying condensed matter.
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2.1 Coherent Inélastic Neutron Scattering

Coherent Inelastic Neutron Scattering (CINS) hasnbemployed to study
phonon dispersion curves of PdInh single crystals, while for PdHthe direct
measurement of phonon dispersion curves is hagdttact due to the high incoherent
cross session of hydrogen atoms.

Rowe and Ruslet al. [25] are among the earliest researchers in usihgremt
neutron scattering to study the dispersion efféd®dD, g3 Their research found the
large dispersion in the longitudinal optics modesdominated by deuterium motions,
and indicated that the strong interactions betwamterium atoms need to consider
more than just nearest neighbors. The electronictsire of the alloys was important in
explaining the lattice dynamics of palladium hyeéricdnd this was confirmed by the
well matched of experimental results with the elmac band-structure calculations
instead of the rigid-band model.

Glinka and Roweet al. [41] used the nonstoichiometric model togethehwhie
previously derived force constant for PdD to deni@ts that the prior method in
treating a nonstoichiometric system as stoichioimesr valid in deriving the Pd-D
force constants; however, the D-D force constamewnderestimated by more than
50 %. They also introduced the mass effects thaffdhce constants for Pd-D were

about 20% smaller than the Pd-H, and establishesdltle effective bonding is weaker
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in the deuteride system than in the hydride system.
This thesis research is only studying palladiumrbgédn system through 1INS
technique, but these two researches in CINS prevate in depth knowledge in

explaining the neutron spectra in IINS experiments.

2.2 Incoherent Inelastic Neutron Scattering

The first measurement of the dynamics of Pd-H syst@s occurred in 1961, but
the main progress in this area developed in thedd%hd 1980s. The researches
mentioned below are in chronological order. In tharly neutron scattering
measurements, Chowdhury and Ross [26] used the doattering facility EDNA to
investigate the localized modes associated wigrstitial hydrogen in thf-phase of
Pd and Pd-Ag alloys. Their research found the degmcy on temperature and silver
content from both the width of the fundamental paa#l the first harmonic peak, the
width of both peaks increase with silver conterd semperature, which are attributed
to local disorder and anharmonic effects.

Drexel and Muranket al. [27] employed the INS method to verify the isotope
effect ina-phase Pd hydride. The time-of-flight measuremaricate the existence of
an anharmonic potential for the hydrogen atom-phase Pd hydride. In triple axis
measurements, they found the formation of hydrogémm clusters at higher

concentration and with insufficient annealing tneant, this cluster distorted the local
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host lattice.

In the research of Rush and Roeteal.[29], they observed two second excited
levels wél) and a)éz) in the a-phase Pdk] with relationships ofa)él) = 2w, and
wéz) = 2w, + 19 meV. The derivations were based on the model of nohaahonic
potential and the lowest order non-vanishing anlaimcontribution, discussed in
Equation 1.2.6. The observed isotope shift tePdH, was attributed to the
anharmonicity, though the interaction energy betwtbe nearest hydrogen atoms was
not considered. For more complete anharmonicitgipaters can be found in Table 1,
in Chapter 1. This research also provided a retereazxample for the location of
phase Pd-H at first harmonic peak, 68006 meV for H concentration from 0.002 to
0.014. See Figure 2.1. Note that according to ithiad results in Pdilo14the second
harmonic peak and the shift peak were located atah8 156 meV separately.

The behavior of optical phonons was studied by Baleov et al. [42] using the
multiconvoluton of the one phonon spectrum. In rthreisearch, the experimental
generalized vibrational density of states (GVDSkViiast assuming a one-phonon
scattering. On the second and following steps,difference between the calculated
GVDS and the experimental one was used to reple®ne-phonon spectrum. The
calculated results well reproduced the experimemighsurements. Figure 2.2 shows
the one-phonon and multiphonon spectra for RgH
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Rosset al. [31] investigated the orientation-dependent anignt at high energy

transfer ranges to 800 meV, they also found thailtreagree well with the

first-principles calculations and use this to confthe shape of the potential well.

Kemali et al. [32] took the previous study in anisotropy andantonicity and

applied to the\b Initio calculations in deriving the dynamic structureidador IINS in

single crystal palladium. The calculation was coreda with experimental

measurements.

Until recently, the Pd-H system studies have beended on the H at interstitial

sites of palladium, but the vibrational density sthtes of hydrogen trapped at

dislocations have not been fully studied. Hewteal.[33] used the IINS techniques to

investigate the vibrational density of states ofirmgen trapped at dislocations,

although it is difficult to fully eliminated the iensity caused by bulk interstitial

hydrogen. Their research also presented the ima&tn of the local octahedral

trapping environment by comparing the location adth of the first harmonic peak.

The result served as the evidence ofapf transition from room temperature to low

temperature within the distorted environment ofatiations.
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Figure 2.1: 1IINS spectra foa-PdH, at 295 K. The first harmonic peak for all
concentration is located at 62.0.5 meV. Note that a second broad max around 138
meV with a high energy shoulder. The lines ardfittiag to the data [29].
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Figure 2.2: GVDS spectra for Pgbky The dashed curves are for one-phonon
scattering and the solid curves are for multiphoscattering [42].

Trinkle et al. [34] applied theab initio theory to the Pd-H system to predict the
vibrational excitations for H from zero degree twm temperature. Thab initio
calculation was compared with the lINS measurementsbserve the formation and
dissolution of nanoscale hydrides around dislocatmres in palladium. By separating
the effects from each parameters including nonamifoydrogen site occupancy due to
strain and H-H interaction, quantum-thermal vilwa#l displacements for neighboring
Pd and the anharmonic potential energy, the relsegmovides anin situ

characterization of the hydrogen environment evaiuivith temperature.
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2.3 Free Recoil Neutron Scattering

The free recoil energy generally describes withuadgatic dispersion equation,
AE = (hQ)*/2M , whereM is the effective mass of the recoiling particle A is the
energy transfer. In the previous experiment byakilet al. [24] revealed that the
effective mass of the recoil signal equals to tlessnof hydrogen atom. Although the
compounds (Mng) Fillaux used were different from the Pd hydridestem in this
experiment, and the hydrogen formation mechanismesdifferent, yet the result
presented a successful method for the derivatidgheofecoil mass. From the research
of Fillaux et al.[24], the signal for free recoil protons has bebserved across large
energy and momentum transfer ranges from 30 to 4008 But it is the one that
generated in higher energy and momentum transifgieréhat we are interested, since
this research is focusing on the second order hainreak in the palladium hydride
system, and this peak falls in the same range fnéth recoil signal. Developing an
efficient method to subtract the recoil signal vidllp us better investigate the atomic
mechanism in the Pd-H system. The detail descnpifdhe recoil subtraction method
will be referred to Chapter 3.3.3.

Another recoiling molecule experiment had been cotetl by Fillauxet al.[35]
to study the dynamics of protons. By using the IINfh energy up to 1 eV and

momentum transfer range from 0 to 40 ik y-MnO,at 30, 100 and 200 K, the S(),
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maps reveal a band of intensity due to recoil eéfparticles with effective mass of
~ lamu. The intensity of free recoil protons was obseresdr large energy and
momentum transfer range, see Figure 2.3. The mtgnsity band was identified
through the variance of proton density, as thegoralensity falls, the intensities of the
superimposed bands decrease, and then disappegutetaly when the samples have
been thoroughly dehydrogenated. Based on the seshéty concluded the scattering
band is from some hydrogenous species and notkagtmamnd arising from the matrix,
and is incompatible with an isolated gas at thepenature of the sample; because the
detected intensity is one order higher. Figure @rdvides the view of the recoill
spectrum and minimizes the contribution from théraiions of bound protons.
(According to the sample preparation, there is &lfo82 wt.% H in vacancies and
roughly 0.05 wt.% HFi associated to M ions.) Thus the contributions for bound
protons were negligible. The figure reveals two &#an-like curves centered at 21.4
and 510 meV. By using the recoil energy equatign= hwp = h2Q?/2M, these
peaks correspond to effective masses of 27 amagwble can) and 1.1 amu (H).

In the research of Olseet al. [44], they studied hydrogen in high porosity
carbon substrates and utilized the Q-dependenaaatbastic of the recoil intensity
to decompose the two dimensional spectra (E v.snf@) mobile and bond types.
When the type of bond excitations represented thational excitations that are
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translationally bound and shows no recoil broadgnithe mobile excitations
represented a broad peak extending to high enexgypn and are translationally
mobile in the direction parallel to the substraBased on their research with an
incident neutron energy of 30 meV, at the high gneegion, only mobile transitions
were present. Therefore by separating the two tgbecitations and performing a
fit to the high energy part then extending to the energy region, the subtraction of
the fitting will leave the scattering intensity fnobound states. For their research, the
spin character of neutron is also considered, btimthis study, where the method
was used as a reference.

Schiratoet al. [36] used the impulse approximation to describe the myna

structure factor S(@), the equation is described in below.

(E-E) ) (2.3.1)

S(Q B= 20'P27l2Q2/|\/|2

hQa, (2m)"? expt

with o, is the width of the momentum distribution deternainBy the recoil energy.
Equation 2.3.1 is the same with Equation 1.6.3, labeled separately for
explanation convenience. It shows that the obsesaadtering will have Gaussian
shape centered at the recoil energy with a widthpgutional to the width of the
momentum distribution, which corresponds to theltdeund by Fillauxet al. [35] in
Figure 2.4 and the previous research by Sakohl. [43]. This equation is the

cornerstone for our recoil subtraction method im@tbr 3.3.3.
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CHAPTER 3: EXPERIMENTAL

3.1 Sample Preparation

Cold-rolled polycrystalline Pd sheet was suppligdilpha Aesar with a purity of
99.98 % (metal basis) and thickness of 0.25 mmsé&Hra sheets were cold rolled in
the as-received condition and cut into 0.5 by 5 mieces and used in the [INS
measurements. Before exposing to the hydrogenamaent, the surfaces of the Pd
samples were abraded with grit papers wetted watemand rinsed with methanol in
order to remove the oxide layer and expedite tls®tion kinetics of hydrogen gas.
Then the samples were cycled twice across the Bddeymiscibility gap at around 70
C before the IINS measurement. Cycling process ®mMnto generate significant
dislocation density in Pd [4, 5] and the process parformed by filling hydrogen in
the Al sample can attached to the manifold systiéma,schematic diagram of the
manifold system is shown in Figure 3.1.

The manifold system was designed to carry the sauapling the outgassed and
hydrogen induction cycling process. There are thmegor components for the
manifold systems, including a pumping section, aifod gas-loading section and a
gas line section. The pumping section consists loéybold Dry Oil Free HV pump

system, BMH70 DRY, a converter from ISO-large fla{gF) to conflate flange (CF)
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and a UHV below a sealed valve manufactured by MacGenerations LTD. The
manifold gas-loading section, was made by staindéssl and has a total volume of
2127.9 cmi with an extra pre-calibrated stainless steel dgimwith known volume of
1012 cni attached, and the cylinder was used to deterrhim@dlume of gas-loading
section. The system was capable of achieving @mati pressure of 8 x0rorr.

Apart from the main manifold system components,rehare peripheral
equipments including two pressure gauges and agaage. The pressure difference
was measured by two absolute pressure gauges iffghedt pressure ranges, MKS
Baratron Type 627 B, attached to the manifold sysfEhe measuring range of the full
scale 100 Torr gauge was 0 to 100 Torr, with tleeeiment of 0.01 Torr; for the full
scale 2 Torr gauge the measuring range was 0 tor2with the increment of 0.0001
Torr, both gauges have accuracies of 0.12 % ofmgahd kept at 4% . The ion gauge
was a Type 580 Nude lonization Gauge Tube suppledarian and was controlled by
a National Research Corporation Type 720 powerlgupp

The 2.75 inch CF using Cu gaskets were used toembmmajor components of the
system, and the Al sample can (see Figure 3.3)hwvil be later mounted to the
neutron scattering facilities was attached to §fs#esn by KF flange and VCR fitting.
The ultra high purity hydrogen bottles were supply S. J. Smith.

The experiment started at a vacuum condition of B%Torr or better before
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introducing the hydrogen gas, with the valve 2 8ndosed while the valve 1, 4, 5
opened, the illustration diagram are shown in F@g8rl. Only parts of the manifold
system were exposed to the hydrogen, in this asdien valve 1, 2 and 3 were closed.
The polycrystal Pd sample were isolated by closialye 5 before conducting the
cycling process of exposing to hydrogen at elevaésdperature around 74 to
increase the hydrogen absorption rate.
Defor mation degree of the sample--- Enhancement Ratio Experiment

In this experiment, the solubility enhancementoaER) was used as an
indication of deformation degree of the sample,olvhs defined by the ratio ofi&to
Cy, large enhancement ratio implies densely dislopatiensity [7]. G is the total
hydrogen concentration absorbed by the sampjas Ghe bulk concentration. The
accumulated pressure difference during the cygimgessesAp could be converted
to the Gotthrough Equation 3.1.2; while the €ould be derived from Equation 3.1.1 by
substituting thePy,, the equilibrium hydrogen pressure.

logC, :%Iogng2 + A+?B (3.1.2)

Where
Py, represents the equilibrium hydrogen pressure, wiits of Pa;
A equalsto -5.3;
B equalsto 510 K, applied the Sievert’s law cantst for Pd [6];
T the experiment was conducted at 295 K.
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For the enhancement ratio experiment, the theatetimount of total hydrogen
absorption 4AP,) was calculated by the ideal gas law, under tearaption of reaching
hydrogen concentration of 0.001[H]/[PdiP.: equals to 8.423 Torr, the ideal gas law

eqguation was shown below in Equation 3.1.2.

T

1
APtot = (Ej Ctot Moy V R (3'1'2)

Where

AR, represents the total amount of hydrogen absorptidh units of Torr;

C.. represents the hydrogen concentration, with wiifsole of H]/[mole of Pd];
Ney represents the mole number of Pd, with units demo

T represents the experimental temperature, witts whik;

V represents the exposure volume to the hydrogenagen units of criy

R represents the ideal gas constant, with unitergf K [inole.

In order to reach the required hydrogen conceninafl.001[H]/[Pd], we conducted
the hydrogen exposure experiment twice, first Wags amount of hydrogen than the
estimated value, which equals to 6 Torr of hydrogben exposed to 3.64 Torr of
hydrogen the second time. The hydrogen pressw@nisolled by the valve manually,
therefore would lead to slightly different amoufiegposure with the expected value.
In this study the ER was measured after the exparirio recreate the deformation of
the sample, slightly higher of hydrogen absorptiah not affect the results of the
experiment. The total hydrogen absorptiaf.{) was 9.64 Torr, after applying the

conversion equation in Equation 3.1C2, equals to 1.14xIdmTorr. Therefore, with

the equilibrium hydrogen pressure of the experimeqials to 11.4 mTorr, and,C
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corresponds to 3.3xTamTorr. The derived enhancement ratio is 3.5.

\

pre-calbrated
volulme

sample tube

>

sampla can

Figure 3.1: Schematic diagram of gas loading sy$8m
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3.2 Incoherent Ineastic Neutron Scattering Instrument and

Procedures

321 WideAngular-Range Chopper Spectrometer

One of the advantages of using IINS is it provittesinformation of vibrational
density of states of the hydrogen trapped in Ptbchsions. The theoretical part has
been discussed in Chapter 1.5. This chapter wili$mn introducing the principle facts
for the neutron scattering instrument being usetthénexperiment. The ARCS (Wide
Angular-Range Chopper Spectrometer) at the SNS RINIO was used in this
experiment to study the Pdbbiz Figure 3.2 shows the schematic diagram of the
ARCS at SNS, ORNL [1].

The Spallation Neuton Source (SNS) operated aeguéncy of 60 Hz. ARCS
views a decoupled ambient poisoned water via neugrode. The prompt radiation
source is blocked by an insertegichopper. ARCS is a direct geometry time-of-flight
(TOF) chopper instrument, which measures the diffee of velocity or energy in a
given path length by using two Fermi choppers tmoobromate the incident neutron
energy. The Fermi choppers rotate at speeds upldi@ covering an incident energy
from 15-1500 meV [1]. The phase of the choppettiraao the incident neutron pulse
defines the incident energy while the final eneajyneutrons after interaction is

determined by the time of flight. If the total fligpath distance between the source and
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detector via the sample is L, then the wavelergytiivien by Equation 3.2.1.
A=ht/ mL (3.2.1)
with his the Plank’s constantn, is the mass of the neutron amds the time of
flight [9]. The conversion from the wavelength e tmomentum applies the equation
of momentump, of the neutron,
p:nLv:—lT:hk (3.2.2)
with k=27/A is the wavevector. The energy resolution baseth@full width at half
maximum (FWHM) of elastic scattering peaks variesif 3 to 5 % of the incident
energy. A cylindrical array of 115 modules or padiseight 1 m long®He linear
position sensitive detectors is installed withie ttetector vacuum chamber [2], the
coverage detecting angle ranges from -28 to 13Bi2dntally and -27 to 26 ° vertically.
The solid angle AQ) covered by ARCS detector array is 2.5 sr. Thdroauvave
transfer vector (Q) is determined by the equatielow
Ql=k -k (3.2.3)
with k, represents the final wave vector after interactisith neutron, k
represents the initial wave vector.
322 Experimental Setup
Deformed polycrystal Pd samples of 174.76 g waslddawith the hydrogen
concentration of 1100 appm [H]/[Pd] and placedchi& Al sample can which is shown
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in Figure 3.33 [3]. After the hydrogen absorptioeatment, the Al sample can was

isolated by the valve to minimize the disturbanthyalrogen concentration.

The incident energy of 250 meV was selected tonupé the neutron flux and

cover the energy transfer range up to second drdanonic oscillation energy of

hydrogen. The energy resolution improves with &, ¢émergy transferAg) is most

reliable within about 0.8 of the incident energy.tdp loading Closed Cycle

Refrigerators (CCR) was used for IINS measuremerii i and 300 K. The 5 K

experiment was conducted first, followed by the BOEach experiment was run for

18 hours before removing from the apparatus to asutilpe sample. The outgassed

procedure was conducted at 100 under vacuum for 9 hours then cooled to room

temperature. The outgassed sample provides backgreubtraction. This direct

subtraction step involves the assumption that ttesgmce of hydrogen will not

significantly change the IINS from palladium, as toncentration of hydrogen was a

few atomic percent only [10]. The outgassed lINSasueement ran for 18 hours on 5

K and 300 K.

The ARCS uses the SNS data acquisition systemthenithtensities measured at

different angles and time-of-flightwill later converted to wave vector Q and energy

loss E, I(Q,E). The conversion was using the bigmoutine since the data were

collected based on the recording of detector piaetstime-of-flight of each detected
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neutron on an event basis. The incoming neutrox dliso corrected for different

detector efficiencies [11].

Foured
place shielding

Figure 3.2: Schematic diagram of Wide Angular-Ra@®pper Spectrometer [1].
Detailed description of each component is listeRéference [1].
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(b)
Figure 3.3: The picture of Al can, which servedfassample holder during hydrogen
exposure experiment and attached to the ARCStfasiin IINS measurement. (a) the
side view and (b) the cross section of the Al can.
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CHAPTER 4: INCOHERENT INELASTIC

NEUTRON SCATTERING

4.1 Introduction

This chapter presents the results of the IINS ewpertal measurements,
including (1) the subtraction software, DAVE, antbsaction methods, which could
be further categorized as the subtraction of witth @ithout hydrogen data, the free
recoil subtraction, and the background subtracii@nhThe analysis of corrected IINS

spectra at 5 K and (3) the analysis of correcti& I§pectra at 300 K.

4.2 Subtraction Methods

4.2.1 DAVE (Data Analysis and Visualization Environment)

The IINS experimental data was first analyzed usngware named DAVE
(Data Analysis and Visualization Environment) deyeld by NIST. Figure 4.1 shows
the snapshot of the software DAVE and one of itsponent called Mslice which is
used for IINS data analysis. This software was ligpezl to provide users a quick
method to reduce, visualize and interpret the wauscattering data. More detalil

description of the software could be referred fenence 11.
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Figure 4.1: The snapshot of software DAVE and thelid¢ program used for
analyzing IINS neutron scattering data.
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4.2.2 The Foreground and Background Subtraction

The VDOS measured at ARCS has two IINS spectraéch temperature, 5 K
and 300 K in this case. The normalization process wonducted by correcting
different detector efficiencies using a vanadiumnmgle and by normalizing to total or
integrated on-target current.

The two dimensional spectrum for energy transfesw&the wave vector transfer
are shown in Figure 4.2 and Figure 4.3. Under titensity scale of 0.3, the inelastic
peaks are barely recognizable due to the dominati@tastic peaks, also the elastic
intensity are less obvious in the 300 K measurenaérthis intensity scale due to
Debye-Waller broadening and multi-phonon event® fivo dimensional spectra with
intensity up to 0.03 are presented in Figure 4.4 Bigure 4.5 to show the inelastic
intensity. The first and second peak along withftee recoil intensity and the acoustic
mode of Pd were labeled on the figures.

Figure 4.6 and Figure 4.7 show the comparison @fithS spectra of Pdibo11
and outgassed Pd at two temperatures. These agration of two dimensional
spectrum over the Q domain over constant enerdly, aviergy step as 2 meV. The data
were both normalized by scaling the energy pea@6aneV (Al peak intensity) to 1.
The net data is the subtraction of the outgasséa @deackground) from the with-
hydrogen (foreground); it provides a direct infotioa for the vibration of hydrogen
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atoms in Pd lattice. Figure 4.8 and Figure 4.9tlagenet IINS data for 5 K and 300 K
respectively. These two figures show the measureofed trapped in Pd before any
subtraction. The slopping backgrounds in thesefiguores are assumed to be due to
the proton recoil intensity. Further subtractiontimogls are presented later in this
chapter to exclude the influence from possiblearare of hydrogen intensity between

the changes of temperature and the excitatioreefriecoil protons by incident neutron.
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Figure 4.2: Two dimensional net spectrum in enérgysfer (E) versus wave vector
transfer (Q) at 5 K, with intensity up to 0.3. Twhite line across the spectrum is due to
malfunctioning detectors.
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transfer (Q) at 300 K, with intensity up to 0.3 €luhite line across the spectrum is due
to malfunctioning detectors.
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Figure 4.4: 5 K Normalized 2D net specturm in egdrgnsfer versus neutron wave
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Figure 4.5: 300 K Normalized 2D net spectrum inrgpéransfer versus neutron wave
vector transfer (E v.s Q) with the intensity ut063.
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Figure 4.6: 5 K IINS spectra of Pdbbi1(black) and outgassed Pd (red) at two
different scales, the arrow bars point to the isitgrcased by background influence.
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different scales.
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Figure 4.8: Net 5 K [INS spectrum @fio.0011 the elastic peak at E= 0 meV was cut off
to show the feature of inelastic peaks.
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Figure 4.9: Net 300 K IINS spectrum @fiooorzat Q from [1-17]A™ to exclude the
high Q noise signal.
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4.2.3 Free Recoil Neutron Subtraction Method

Chapter 1.6 explains the theoretical backgrourelesit to our experimental, and
the literature review of previous recoil experingers addressed in Chapter 2.4. This
subchapter presents how the free recoil neutrotrasttton method works.

In general, the subtraction method is performeditbgg the data to a Gaussian
peak. However, none of the previous research appiee free recoil neutron
subtraction method to study the second order haomoeaks. The purpose of this
analysis technique is to utilize the two dimensidiiav.s Q) dataset to remove the
proton recoiling intensity.

In order to subtract the recoil intensity, the tfistep is to identify where the
intensity was affected the most. Based on the tweedsional plots for the 5 K and the
300 K, see Figure 4.4 and Figure 4.5, the higmsitg band between 150 to 250 meV
(in light green color) is due to the recoil integsi

A similar recoiling molecule experiment conductegdMllaux et al [35], which
mentioned at Chapter 1.6 free recoil theory, shawsimilar band across the two
dimentional spectrum, and provides us a way to areathe effective mass for the
recoil protons.

The method begins with the choice of wave vectamdfer stepAQ). TheAQ is
0.6 (1/A) for both temperatures, and each region were appdd with 0.2%/A). For
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the 5 K, 170-250 meV was chosen as the energy randehe wave vector transfer
region started from 8.4-12.4 (A) for better statistics. For the 300 K, 160-250 meV
was chosen with 8-12.4 (A) as the wave vector transfer region. Both of themavas
plotted in intensity vs. energy then fitted withetiGaussian function. The fitting
eguation was presented at below

y=y + A@xp[—%] (4.2.2)
with 2w = FWHM /sqrt(In4) and

W= 0,hQmean/M (4.2.2)

M
A= 1/2
NQuea (277)

(4.2.3)

Equation 4.2.2 and 4.2.3 connect the fitting of &en 4.2.1 with Equation 2.3.1.
The only difference is replacing Q in Equation 2.®ith Qnean Which is the average
number of the fitting Q region. The replacement Wase because @fQ is not a fix
number but a region, and in order to substitutEguoation 2.3.1, the Q dependency
has to be excluded before considering the influesiceach pixel related Q. The
representative fitting plots for two temperatures shown in Appendix A along with
the fitting results for each Q region. The impottaverage fitting parameters are listed
in Table 4.

The effective maskl was derived from the recoil energy equatiBpn = hwy =
h*Q?/2M , and the number @f, is derived by substituting the derivétl The first
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average number was calculated by excluding the edigset and the data with reduced

chi-squareaumber smaller than 50%. The statistics were caledlbased on the dataset

left and using the 90% confidence level for 5 K¥®B6onfidence level for 300 K to

exclude far off data and achieve the final averageber. The difference in the

confidence level is mainly because of the differeintergence degree for two

temperatures; 300 K dataset has larger divergemtéas fewer data after the first step

exclusion, the confidence level was chosen in otdenaintain enough statistic data

base.

Table 4: The average fitting parameters for 5 K 30d K.

Temperature (K) w (meV) &meV) AQnean M (amu) op’

5 20.74 208.40 0.0826 1.10 1.97

300 23.62 207.00 0.0872 1.12 2.28

The Qneanrepresents the medium wave vector transfer ichiosen region, and the
op,’ = op *h/M in Equation 2.3.1. The number was round up tosteond decimal
point.

With the fitting parameters, the net data was etgabto MATLAB to conduct the
recoil subtraction based on each pixel. The codeattached in the Appendix B. The

derived recoil intensity was calculated for eactepin 2-D plot,

i = 1y expr (L~ Ea)°
IR Al:(Dmean(Qij )exp[W] (424)

The derivation of Equation 4.2.4 is based on theadyic structure factor in Equation
2.3.1 which was used to fit the recoil intensithi€Tparameter o, = o, * h/M in
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Equation 2.3.1, witho, from the Gaussian fitting ani derived from the recoil
energy equationEr = hwg = h?2Q?/2M . The QmeanWas added to exclude the
dependence of wave vector transfer in the fittimgcpss before considered the

influence by each wave vector transfer in eachlpixe

Recoil Subtraction Codein MATLAB

In order to demonstrate the validity of our coditige net data calculated by
MATLAB was first compared with the one directly exped from DAVE/Mslice; a
software developed by NIST to analyze the IINS daiashow the consistency. The
results are shown in Figure 4.10 to 4.12. In tHeg&res one could see the curves
matched very well, although the region below 50 niel¢ slightly larger difference,
this difference is believed to be due to the bignprocedure in Mslice program,
which leads to smaller intensity difference aftaetegration and normalization.
Besides this small difference at lower energy negite results were consistent in
general and severed as convincing evidence thaVifid.AB code we are using in

this study is reliable.
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Figure 4.10: The comparison of the 5 K net dateoebe from Mslice and the one
generated from MATLAB code.
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Figure 4.11: A refined scale of Figure 4.10 to preghe detail of the two curves.
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Figure 4.12: The comparison of the 300 K net datpoded from Mslice and
MATLAB.

By using the fitting parameters in Table 4, the &€l 300 K net data and the one with
recoil signal subtraction are showed in Figure 4adl8.15. From Figure 14 and Figure
15, the recoil intensity exist mainly above 150 me¥ich is reasonable according to
our free recoil theory in Chapter 1.6, wittE proportional to & From these two
figures, the intensity difference between net datd with recoil signal subtraction is
significant. However, the recoil subtraction mainkorks on the higher energy
transfer region, and could not exclude the sloppiagkground at*Lharmonic peaks.
The 2" harmonic peak for 5 K data after subtraction gtilsents a certain degree of

sloping background; while the 300 K has almost nohsphenomena. Additional
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background subtraction would be performed to elatenthe influence of slopping
background. The representative background subdra¢tash line A, B, C, D) are
shown in Figure 4.14 and Figure 4.15, which hasu@e as 0-2(A™. But in order to

exclude the acoustic mode of Pd shown in Figureathd Figure 4.5, in the further

research, the first harmonic peak Q range wasdiirtio 1-10A™.
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—— 5K Net with IR Subtracion
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Figure 4.13: The 5 K net data and the same datethatrecoil intensity subtraction, the
IR Subtraction stands for recoil intensity subtiatct
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Figure 4.14: A refined scale of Figure 4.13. Theorkesignal subtraction started from
150 meV and showed an obvious peak before thengjdmckground subtraction, the
IR Subtraction stands for recoil intensity subti@att dash line A and B are the

background subtraction intensity. With Q range-20A™.
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Figure 4.15: The 300 K net data and the same délalve recoil intensity subtraction,
the IR Subtraction stands for recoil intensity sattion, dash line C and D are the
background subtraction intensity. With Q range-B0A™.

4.2.4 Background Subtraction

The main purpose of linear background subtracgdo exclude the signals due to
background, although the mechanism is not fullgietd yet, one possible explanation
is that the assumption of the insertion hydrogesmat will not interfere with the
palladium atom is not completely correct. Neverbs| the base line for linear
background subtractions is presented in Figure 189, this are the one that being

used and lead to final results.
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Figure 4.16: The base line of first harmonic peakackground subtraction method at 5
K Net data with wave vector transfer ranges frono110 AY. The dash line A
corresponding to A in Figure 4.14 but with a refir@ region.
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Figure 4.17: The base line of first harmonic peakackground subtraction method at
300 K Net data with wave vector transfer rangemftoto 10A™. The dash line C’
corresponding to C in Figure 4.15 but with a refig@ region.
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Figure 4.18: The base line of higher energy pedk wcoil subtraction in background
subtraction method at 5 K net data with wave vetamsfer ranges from 1 to ZAr,
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subtraction method at 300 K Net data with wavemetansfer ranges from 1 to 147,
IR Subtraction means the recoil intensity subtoactiThe dash line D’ corresponding

0.020

0.015

0.010

—

" | —— 300 K Net [1-17] with IR Subtracion

ey \ ol
\ /
\ //\/ N\ / \
~ A\ '\\ o
o Y
\.f"\ s \_\._.\/ \"J
o >
1c|)0 1;0 2(|)0 250
Energy(meV)

to D in Figure 4.15 but with a refined Q region.
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The background subtractions for first and secoadmionic peak at two
temperatures are presented separately due tofteeedt Q range chosen. The dash
line (A, B, C’, D) in Figure 4.16-19 are simitaillustration just like the line in
Figure 4.14 and 4.15, but with a different Q rafayethe primary peak to exclude the
Pd acoustic mode. The primary peak was limited-i® A™ for both temperatures,
while the 29 peak has 1-zA™*for 5 K, 1-17 A™*for 300 K measurements. The final
results after background subtraction could be reteto Chapter 4.3 and 4.4. One
thing worth points out is that, in Figure 4.18 dfidure 4.19 the peak after 200 meV
is attributed to the extra recoil intensity thatrevaeot fully excluded, this corresponds

to the high intensity region above 200 meV in Fegdr20 and Figure 4.23.

4.3 Analysisof Corrected IINS Spectraat 5K

The two dimensional plot after recoil subtractiempresented in Figure 4.20, this
should be compared with the net data plot in Figd, which is without recoll
subtraction. From the comparison of these two #guthe most obvious difference is
the decreasing of intensity at the supposed refgiofiee recoil signal.

The results of IINS Net data with recoil and backgrd subtraction is presented
here along with the Gaussian fitting curves. Seguféi 4.21 and Figure 4.22. The

fitting results were shown in Table 5 at Chaptdr. 3he primary peak and the higher
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energy peak are presented in two figures becaute aifferent Q range chosen. The
primary peak was limited at the momentum transémge (Q) of 1-1A™, while the
higher energy peak was from 1 Ad. The different Q range does not affect the
position of the higher energy peak, but by limitthg Q region chosen, the unwanted
high intensity bulb due to Pd acoustic mode is d&di The bulb region in 2-D
spectrum, see Figure 4.4, represents the acoustie mf Pd due to the presence of
hydrogen interacts with Pd, and the subtractionitifout hydrogen measurement from
with hydrogen will not eliminate this interactiomensity.

The comparison of FANS [3] and ARCS data at low gerature are also
presented in Figure 4.22. The main purpose of comgpghese two curves is to see if
there is any correlation d§ phase at low temperature. More discussion could be

referred to Chapter 5.

63



25] _ ...................... S R S g -

Region éafter free

D . recoil subtraction  :
2'|:I'I:l— ---------------------- ..... \ | W R R ........................

Energy (meV)

Q (A%

Figure 4.20: Two dimensional IINS net spectrum weboil subtraction at 5K.
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Figure 4.21: 5 K net IINS spectrum at first harnmomeak with background subtraction,
the Q range is 1-14™?, the smooth curve is the Gaussian fitting withrgpepeak at
61.4 meV and the fitting results are listed in ®&5) chapter 5.1.
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Figure 4.22: The comparison of ARCS and FANS higheergy peak data at low
temperature, the smooth curve is the two-Gaussiangf (Below)- 5 K net ARCS
[INS spectrum at higher energy peak with recoil dadkground subtraction, the Q
range is 1-208, with energy peak at 129.8 and 160 meV. (Top)k Aet FANS
[INS spectrum at higher energy peak without resalbitraction, the energy peak is at
116.3 and 135.5 meV. The fitting results are listedable 5, chapter 5.1.
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4.4 Analysisof Corrected I1NS Spectra at 300 K

The 300 K 2-D net spectrum after recoil subtract®presented in Figure 4.23.
Comparing with the net IINS spectrum in Figure 4tbe free recoil intensity
decreased in Figure 4.23 after recoil subtractiot imstead the intensity at second
energy peak is more defined.

For the data at 300 K, same method is applied. firee harmonic peak was
limited at the momentum transfer range (Q) of 1A1%) while the higher energy peak

was from 1-17 A, these two peaks are shown in Figure 4.24 and 4.25
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Figure 4.23: Two dimensional IINS net spectrum weboil subtraction at 300 K.
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Figure 4.24: 300 K net IINS spectrum at first hamcopeak with recoil and
background subtraction, the smooth curve is the-®aassian fitting with energy
peak at 68.2 meV and the fitting results are listeBable 5, chapter 5.1.
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Figure 4.25: 300 K net IINS spectrum at higher gpepeak with recoil and
background subtraction, the smooth curve is the-®aassian fitting with energy
peak at 154.8 meV and the fitting results aredisteTable 5, chapter 5.1.
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CHAPTER 5: DISCUSSION of RESULTS

This chapter includes the Gaussian fitting restiis two temperatures, and
compares the peak location using the previous gladti data with anharmonicity
theory. The general fitting results are discusseithe first section, the analysis for the
primary/first harmonic peak are discussed in tleosd section, the second harmonic
peak at 300 K are addressed in the third sectlm,multiple phonons at 5 K are
explained in the forth section, the 2-D IINS spaatrith fitting results of mass and
energy of recoll particle are explained in thehfitection and concluded with other

features of the measurement.

Fitting Resultsfor Two Temperature

The two temperatures fitting results of net RBddhwith recoil and background
subtraction is recorded in Table 5, the individW@IOS spectrum and the Gaussian
fitting can be found in Figure 4.21-22 and Figur24425 at Chapter 4.3 and 4.4 for 5
K and 300 K separately. The relation between frsti second order peak is also
shown in Table 5. If the energy of second peakvisd the energy of first peak then
the atom vibrations is pure harmonic. The extragnédifference is attributed to the

anharmonic phenomenon in potential energy; in thise the positive anharmonicy

68



parameter indicates a well-like shape for the Ipedéntial energy. The experimental

data is compared with the published data to vehé/peak location and to prove the

approach of taking recoil subtraction can identifg peak position more accurately.

For PdH 000 ONnly the primary peak was measured in the orlgixgeriment, the

second peak was calculated based on the publisitetraonicity parameter; thg

phase of Pdbk.o7at 80 K was used for the comparison of 5 K measentrand the

phase of Pdbhi4at 295 K was used for the comparison of 300 K nmegsent.
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First Peak Comparison

The terminology needs some clarification befosedssion. Primary peak is used
to address the®Ipeak at 5 K; while the first harmonic peak is usedddressed the'l
peak at 300 K. The difference in terminology isdese the term harmonic is limited to
dilute phase, and at 5 K, is not.

The primary peak position at 5 K is 61.4 meV, whiglmigher than the expected
value of 59.0 meV for Pdiboosp phase at 4 K; while the first harmonic peak at 300
K is located at 68.2 meV, which is 2 meV highemtliae PdH o008 measurement, but
comparing with other published data, it matched wéh 69.0 meV for the Pdbi4
a phase at room temperature, see Table 1. The pesgyeat 66 meV is attributed to
hydrogen-induced dilatation of the interstitiaksih the elastic part of the dislocation
strain field [33]; however, it is chosen to perfothe anharmonicity calculation for
consistency. Figure 5.1 shows the comparison ahamy peak for Pdbhoosand
PdH oo11at low temperature, both data have been normal#t total area below the
curve. The similar feature of high energy shouldemgenerally attributed to the
longitudinal-optic modes of hydrogen atoms [25]s@lthe measurement of Pgijoh1
shows a relatively symmetric shape compared withother two data. It is difficult to
determine which main reason leads to the shiftrohgry peak at 5 K, one possible

explanation is that the higher incident neutronrgn€250 meV in this experiment
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compared with the 130 meV in Pglklosmeasurement) leads to a loss in resolution at

lower energy region.

—o— PdH0.0008 at 4 K
0.04 - —A— PdHO0.0011 at 5 K

0.03 -

0.02 -

0.01 -

Intensity (arbitrary unit)

0.00

-0.01 ! . ! . ! . ! . ! .
40 50 60 70 80 90

Energy (meV)
Figure 5.1: The comparison of primary peak for Rebok and PdH o011 at low

temperature, the Pdidi1has Q range from1-10"A PdH go0sis measured by Hyunsu
Ju, more experimental detail can be found in &f3pB].

The comparison of first harmonic peak for Rdksand PdH go11at room
temperature is shown at Figure 5.2. A less defimgtl energy shoulder also presents
at the room temperature data. For tA&pak at 300 K, see Figure 4.25, it presents a
symmetric shape, which is one of the main feattinas expected to be seen in the
[INS higher energy peak, for the harmonic peak khbave the shape of symmetry if
the noise signal from the background and the enment are excluded. The
symmetric shape at 300 K demonstrates this assompti
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Figure 5.2: The comparison of first harmonic peakHRdH 3 PdH) ooosand PdH o011

at room temperature. Pdbbos and PdHg; are measured by Hyunsu Ju, more
experimental detail can be found in ref. [3, 33].

Second Harmonic Peak at 300 K

The term second harmonic peak is used to addresi%peak at 300 K. For 5 K,
the correct terminology is multiphonon peaks insthiesearch. Based on the
anharmonicity calculation, the expecteé peak position and experimental data are
listed in Table 5. The experimental data shows goauelation with the expected
value; with the ¥ peak difference within 4 meV for Pdighi;and PdH o008

The 300 K Pdhklgo11 measurement is compared with tlheohase of Pdbboos
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using the anharmonicity parameter derived from Rdkat 295 K. Although the
measurement was smeared and the peak at 137 nuevesolved, the anharmonicity
parameter from this research is 18.4 meV, whiatlase to the expected value of 19

meV.

Multiphonon peak at 5K

The 2 peak at 5 K has an extra coupling energy peal6@nieV; which listed
as 3 peak, and this indicates that the higher energk @ 5 K are not due to a
second harmonic, but the result of multiphonon &eolesnikov [42] have found a
similar shape for higher energy peaks in Pgitit 200 K, see Figure 2.2 and bottom
curve of Figure 4.22.

The peak location in Kolesnikov’ s research is tedaat 55, 113 and 134 meV
for 15 and 29 and & peak; which are listed in Table 5, the derivedaantonicity
parameters equals to 21 meV, which is far frometkgected value of 9.7 or 7.0 meV,
but close to the 19.2 meV in the R4 K measurement. Not only are the peak
locations similar, the shape of multiphonon ped&s are similar.

Comparing the 5 K measurement with the pPghdlata at 4 K, if there is a one to
one corresponding relation, we can assume theeehardening effect on the 5 K
spectrum, leading to a shift to higher energy. Energy difference can also be

attributed to the perturbation of the environmearhpared with trapped hydrogen at 5
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K. This will need further confirmation through rung a simulation test.

The 2-D Spectra and Mass of Recoil Particle

For the 2-D IINS spectra, the peak intensity ddfese between with and without
recoil subtraction for the original free recoil arand the %' energy peak is significant.
This could be seen in Figure 4.4 and Figure 4.2, and Figure 4.5 and Figure
4.23 for 300 K. Besides, the free recoil fittingué#s in Table 4 shows the mass of the
recoil particle equals to 1.10 and 1.12 amu fom#8 800 K respectively, which is
close to the true value of hydrogen mass 1.007825, #éhe error is about 9 %. The
recoil energy is centered at 208 and 207 meV iddiily. The intensity shift of the
free recoil area and the derived fitting mass iattis that the free recoil signal is from
the hydrogen atom. Although further research waadheeded to identify if the recoll
hydrogen atom is weakly bond in the Pd lattice @ Bscaped the trapping site and

interacts freely with the incident neutrons.

Other Features of the M easurements

In this study, the intensity of each peak is incamaple due to the limitation of
integrating over different Q region. However, them® some features of the first

harmonic peak that can be more thoroughly addreseeBigure 5.1, the width for
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PdH o011is significantly broader than the width of Pgids the loss of degeneracy is
account for the broadness due to the distortedaitibn environments and can be
further explained why the 5 K experimental dataable 5 does not match with the
one derived by anharmonicity theory. The shiftiddist harmonic peak from room
temperature to 5 K upon cooling is explained irrevpus study by Heuset al[33]

through the theory of phase transformation feoto  phase in the cooling process.
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CHAPTER 6: CONCLUSION

The vibrational density of states of hydrogen texppt dislocations of Pd was
measured at 5 and 300 K using ARCS at ORNL, withdent neutron energy of 250
meV over a Q range of 0-20”A The primary objective of this measurement is to
study the high energy range by developing a restditraction method to exclude the
influence from the free recoil signals and to breterate the peak location. The
anharmonicity theory is used in the comparisorheféxperimental measurement and
the calculated data. The conclusion of this study suggestions for future work is
presented below.

(1) The phase transformation afto B phase was observed in the IINS experiment
when cooled from room temperature to 5 K. The phiaseformation was confirmed
by the correlation between the characteristic pgeadition and width of our Pdido1

5 K measurement (61.4 meV) to the known Rghotp phase at 4 K (59 meV); and
our PdH) 0011300 K measurement (68.2 meV) to the known f@dkHo phase at 295 K
(69 meV). The correlative peak features indicagnailar environment for H atoms
trapped at Pd dislocations. The shifting of our fnKasurement was attributed to the
poor resolution from incident neutron with higheegeyy.

(2) The comparison of 2-D IINS spectra at free recagiion before and after the free

recoil subtraction provides solid evidence for tradidity of our recoil subtraction
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method. The most evident difference is the decre&siee intensity at the free recoil
region compared with thed'®energy peak area. The feature is shown in both Kf
and 300 K measurements. The mass of the recoitieai$ 1.10 and 1.12 for 5 and
300 K respectively, which shows a 9 % differenclee Tecoil energy is 208 and 207
meV for two temperatures. The recoil subtractiorihné was derived from dynamic
structure factorS(Q, E) and successfully excluded the recoil signals glédvi energy
region.

(3) The anharmonicity parameters listed in Table 1 wapplied to calculate the
expected peak position beyond first harmonic petllesyesults matches well on 300
K measurements.

(4) The higher energy peak at 5 K was identified as wdtipmonon peak. The
multiphonon VDOS has been simulated in the reseafrédolesnikov [42], which has
similar feature with the Pdjd; at 4 K measurement. By comparing the the 5 K and
PdH, s3data, this work concluded that the 5 K measurerabaws a hardening effet
in the spectrum and leads to a shift to higherggndt is worth pointing out that the
published anharmonicity parameters used for corspaiin this research are based on
other experimental measurements at somewhat diffezeperimental setting and
higher temperature. Experiments at low temperathoaild be reproduced at ARCS to
further confirm the accuracy of anharmonicity pae#éens, and conducting a
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simulation test to identify the hardening effects.

(5) The influence of choosing various Q range at gre¢rgy peak is also considered

in this study. The effect of choosing different&hge was in general smoothed by the

integration and normalization between the conversjgrocesses from a two

dimensional plot to the VDOS spectrum and was betlenot to affect the analysis of

VDOS spectrum.

In this study, two temperatures of Rdighiexperiments have been conducted to

characterize the primary/first harmonic peak arghér order energy peaks through

[INS. Although this research is just the beginningtudying higher order harmonic

peaks, the recoil subtraction method developetdigstudy could be applied to future

studies to subtract free recoil signals.
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Appendix A

Figure A.1: The Gaussian fitting of 5 K Net datdh@h energy region, with Q step as
in a increment of 0.2 A The fitting range starts from 8.4 to 12.4.
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Figure A.2: The Gaussian fitting of 300 K Net datdigh energy region, with Q step as

0.6 A, in aincrement of 0.2 A The fitting range starts from 8.0 to 12.4.
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Table A.1: The Gaussian fitting results for the BI&t data at higher energy region.

Q Range, Re-qui

w Er A y0 Qmean A*(Qmean) M (Kg)
E Step=6 meV square
8.4-9,6 21.95774 197.051p 0.00679 0.018 0.7p44 8.7 5.91E-02 1.33E-27
8.6-9.2 26.95727 197.14p 0.00904 0.016 0.71946 8.9 8.05E-02 1.39E-27
8.8-94 26.19237 198.062[L 0.00634 0.918 0.5[166 9.1 5.77E-02 1.45E-27
9-9.6 25.1341 204 0.0083B3 0.017 0.63725 9.3 7.75E-0 1.50E-27
9.2-9.8 24.25247 199.53p 0.00774 0.018 0.7485 9.5 7.35E-02 1.57E-27
9.4-10 21.3646 201.8871 0.00897 0.018 0.68894 9.7 .70E302 1.62E-27|
9.6-10.2 20.57477 204.07352 0.008p1 0.0185 0.61146 9.9 8.13E-02 1.67E-27
9.8-10.4 22.10165 207.66037 0.009[L6 0.018 0.63391 01p 9.25E-02 1.70E-27
10-10.6,6 18.881 210.80p 0.0077  0.01933 0.Y73 10.3 7.93E-02 1.75E-27
10.2-10.8,6 18.9513 208.3292 0.007p6  0.01984 0.1216 105 8.36E-02 1.84E-2Y
10.4-11 21.22645 207.8242 0.00823  0.01925 0.7588 .7 10 8.81E-02 1.91E-27
10.6-11.2 23.9714 207.64 0.00209  0.01963 0.4pB07 9 10. 2.28E-02 1.99E-27
10.8-11.4 19.95 214.392b 0.0077  0.01903 0.824 11.1 8.55E-02 1.99E-27
11-11.6 19.9554 215.338 0.007%8 0.019 0.79942 11.3 8.57E-02 2.06E-27
11.2-11.8 17.71714 214.839 0.0069 0.0197 0.8p83 5 [11. 7.94E-02 2.14E-27
11.4-12 18.7542 216.16) 0.00664 0.01936 0.86[131 7 11, 7.77E-02 2.20E-27
11.6-12.2 18.15255 215.2623 0.00736 0.01899 0.8513 11.9 8.76E-02 2.28E-27
11.8-12.4 22.9519 216.13475 0.00932 0.01643 0.86826 12.1 1.13E-01] 2.35E-27
Mean 21.34435 207.4215p 0.00786 0.01853 0.73421 36667 0.08111 1.80E-2f
Standard deviation 2.98483 6.91242 8.42E;04  0.00105 0.10239 0.9759 8.19E-0B 2.82E-28
2 times of standard

5.96966 13.82484 1.68E-03 0.0021 0.20478 1.9518 1668 5.64E-28
deviation
Upper limit 27.31401 221.2463p 0.0095434p6  0.02063 0.93899 12.31847 0.09749 2.36902E27
Lower limit 15.37469 193.59671 0.006176544  0.01643 0.52943 8.41487 0.06473  1.24042E-R7
the # of data get
1 0

excluded
90% confidence

4.909611| 11.36992588 0.00138452 0.001727 0.16821666.605213604 0.013471359 4.64099E428
level
Upper limit 26.25396| 218.7914758 0.00924452 0.020R9.902626662, 11.9718836 0.094581359 2.26882EF-27
Lower limit 16.43474| 196.051624p 0.00647548 0.0B5800.565793338 8.761456396 0.06763841 1.34062F-27
the # of data get

1 1 0 1

excluded
the new mean 20.73859 208.4045 0.00793 0.0]1875 38274 10.4667 0.0825 1.83E-37
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Table A.2: The Gaussian fitting results for the B0Bet data at higher energy region.

Q Range, Re-qui
E Step=6 meV w E A yo square Qmean| A*(Qmean) M (9
8-8.6 18| 191.5149 0.004p 0.019 0.38329 B.3 0.03818  1.24843E-27
8.2-8.8 26.5031 191.508 0.00688 0.017 0.63257 8.5 .058238 1.3094E-27
8.4-9 24.0877 194.752 0.0087 0.018 0.38077 8.7 B4 1.34886E-27
8.6-9.2 9.66586/ 207.368p 0.0043 0.0205 0.23348 8.9 0.03827 1.32571E-27
8.8-94 23.00898 197.608 0.00549 0.018 0.32p31 9.1 0.049959 1.45442E-27
9-9.6 28.04597 196.506 0.00772 0.006 0.49422 9.3 071096 1.52757E-21
9.2-9.8 30.99717 195.963 0.01023 0.014 0.71y26 9.5 0.097185 1.5984E-27
9.4-10 24353 199.7311 0.0078 0.007 0.56042 9.7 7560 1.63497E-27
9.6-10.2 28.76965 201.85  0.00864 0.016 0.52y74 9.9 0.085536 1.68521E-27
9.8-10.4 18.5| 207.942 0.00552 0.01985 0.42505 10.1 0.055752 1.7026E-27
10-10.6 17| 208.9941 0.00634 0.019B1 0.62828 10.3 065802 1.76178E-21
10.2-10.8 27.18324 205.262 0.01011 0.01%15 0.62053 10.5 0.106155 1.86415E-27
10.4-11 15.11699 211.3613 0.0074  0.0191 0.59802 7 [L0. 0.07918 1.87998E-2}
10.6-11.2 16.60287 210.9705 0.006B9 0.01871 0.50328 10.9 0.069651 1.95453E-27
10.8-11.4 17| 210.9879 0.00664 0.01838 0.49872 11.1 0.073704 2.02675E-27
11-11.6 19.8711 210.869 0.00779 0.017109 0.76p34 3 1. 0.088027 2.10163E-2}
11.2-11.8 24.93424 214.645 0.00916 0.01%48 0.84551 11.5 0.10534 2.13839E-2|7
11.4-12 25.26984 215.5385 0.00916 0.01535 0.7791 .7 11  0.107172 2.20424E-2)
11.6-12.2 26.84623 217.1417 0.00916 0.01493 0.75894 11.9 0.109004 2.2634E-2)7
11.8-12.4 22.485 215.3957 0.00819 0.01%84 0.74339 12.1 0.099099 2.35909E-27
Mean 23.62| 206.985 0.00825 0.16p9 0.66108 10.3333 0.08722 1.87E-27
Standard deviation 5.19411 8.15915 0.00135 0.0017410902| 1.01205 0.01778 2.84E-28
2 times of standard

10.3882| 16.3183 0.002F 0.00348 0.21944  2.0p41 B8®35 5.68386E-28
deviation
Upper limit 34.0082| 223.3041 0.01095 0.16938 0.28p512.5574 0.12279 2.43473E-27
Lower limit 13.2318| 190.6674 0.00555 0.16242 0.4416 8.5092 0.051664 1.29795E-27
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Appendix B

% File Reader Delimiter and Number of Header Lines

DELIMITER ="

HEADERLINES = 0;

filename="Net 300K [1.17].iexy"

% Import Data from IEXY file into importData

importData = importdata(filename, DELIMITER, HEADERES);,

% Create New Array Called Data and Copy Only Pgsilintensities into
% Data

data=zeros(length(importData),4);

last=1;

% Copy Important Data from importData Matrix intatd Matrix
for i=1:length(importData)
% if importData(i,1) is valid( take the negaiwmto account)
if importData(i,1) ~= -1.000e+20
for j=1:4
data(last,j))=importData(i,));
end
last=last+1;
end
end
% Trim Leftover Zeroes from Preallocation of Datatkix
data=data(1:last-1,1:4);

% Check What the Data Looks Like
% display(data);

% Creat a matrix called Irecoil
Irecoil=zeros(length(data),4);

% Define the constant in the recoil intensity fotanu
A=0.08722;

SquareSigmaP=5.53389;

Er=206.9858;

last2=1;
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% Calculate the Recoil Intensity then stored inltkeoil matrix

% With SquareSignaP not taking into account of@h&UT times the Q"2
% based on each dataset

for i=1:length(data)

Irecoil(last2,1)=(A/data(i,3))*expm(-1*(data(i,4)F22/(2*SquareSigmaP*data(i,3)*d
ata(i,3)));

last2=last2+1;
end

% Stored the Error, Q and E info into the Irecodtrx with the first
% column as the recoil Intensity
last3=1;
for i=1:length(data)
k=24,
Irecoil(last3,k)=data(i,k);
last3=last3+1;
end

%Check what the Irecoil looks like
%display(Irecoil)

% Create a matrix for storing the net data
NetData=zeros(length(data),4);

last4=1,

% Calculate the Net data

for i=1:length(data)
NetData(last4,1)=data(i,1)-Irecoil(i,1);
last4=last4+1;

end

% stored the Error, Q and E info into the Irecodtrix with the first
% column as the Net Intensity
last5=1;
for i=1:length(data)
=2:4;
NetData(last5,l)=data(i,l);
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lastb=last5+1;
end

% Export the final NetData file and paste it on &xthe net data already
% subtract the reoil intensity out of it.
display(NetData)

%Before operating this part of the code, the Netlatve to be realligned
%based on Energy, saved the file and run thisgsdhe code

%File Reader Delimiter and Number of Header Lines

DELIMITER ="

HEADERLINES = 0;

filename='0214NetDataSortByE-net.mat’;

%Import Data from IEXY file into importData

NetDataSortByE = importdata(filename, DELIMITER, ABERLINES);

display(NetDataSortByE(329,4))

%Garbage collection
clear('last','last2','last3'",'last4','last5','Ne@drecoil','data’,'importData’);

%Set Initial values for the for loop

Intensity=0;

Error=0;

last6=1;
averageMatrix=zeros(length(NetDataSortByE),2);

%Creat a for loop to summarize the intensity amdreat one energy
for i=1:length(NetDataSortByE)-1
if isequal(NetDataSortByE(i,4),NetDataSortBy#E(j4))
Intensity=Intensity+NetDataSortByE(i,1);
Error=Error+NetDataSortByE(i,2);
last6=last6+1;
else
%add the last intensity belongs to the skma top of the
%lIntensity
Intensity=Intensity+NetDataSortByE(i,1);
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Error=Error+NetDataSortByE(i,2);
averageMatrix(k,1)=Intensity/(last6);
averageMatrix(k,2)=Error/(last6);
%Reset counter
Intensity=0;
Error=0;
k=k+1,;
last6=0;
end
end

display(averageMatrix)
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Appendix C

The influence of the Q range on the results ot fidmonic peak is considered
here. The Q region for higher energy peak is nethtirestrained; therefore, the first
harmonic peak was chosen to demonstrate the irdduen different Q range. The
results should be explained with Figure 4.2 andifégt.3, since the VDOS spectrum
is the integration of the two dimensional plot. g C.1 show the VDOS spectra at 5
K starting with the same Q but with incrementalganFigure C.4 to 6 show the same
VDOS spectra at 300 K. From the comparison, thé pa@ation does not shift with
extended range, but the peak width became broagetodhe inclusion of extra lower
energy intensity data. Figure and Figure preseatcomparison of VDOS spectra
end with the same Q number to identify the inflleenaused by starting with different
Q point. The comparison indicates that the peakltion stays constant with various
starting point, but with sharper slope increase tuthe inclusion of the low energy
low Q data, which is most likely to be affected fyor resolution. However, in the
analysis for first harmonic peak, 1-10*Avas chosen as the Q range to include the
possible data that contributed to the intensityirst harmonic peak. The error bars

are not presented due to the relatively small dcalke measured intensity.
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Figure C.1: IINS 5K Net data with various Q rantgrting from Q=1A".
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Figure C.2: IINS 5K Net data with various Q rantgrting from Q=2A",
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Figure C.3: IINS 5K Net data with various Q rantgrting from Q=3A",
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Figure C.4: IINS 300K Net data with various Q rasggrting from Q=1A",
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Figure C.5: IINS 300K Net data with various Q ras¢grting from Q=2A"%,
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Figure C.6: IINS 300K Net data with various Q rasggrting from Q=3
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Figure C.7 (a)-(f): Comparison of IINS 5K Net datdh various Q range.
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Figure C.8 (a)-(f): Comparison of IINS 300K Netaatith various Q range.
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