Technical Report 3
National Science Foundation
Grant DMR 09-04096
Metals Program

Site preferences and jump frequencies of In/Cd solutes in rare earth
palladium phases having the L1, structure

by

Wang, Qiaoming

May 2012

Hyperfine Interactions Group
Department of Physics and Astronomy
Washington State University
Pullman, Washington 99164
USA






Foreword

This report includes the MS thesis of Qiaoming Wang, defended April 26, 2012.
An addendum is attached at the end that provides additional information and
results based on the research. The research described herein was supported in part
by the National Science Foundation under grant DMR 09-04096 (Metals Program).

Gary S. Collins
collins@wsu.edu
July 2012






SITE PREFERENCES AND JUMP FREQUENCIES OF In/Cd
SOLUTES IN RARE EARTH PALLADIUM PHASES

HAVING THE L1, STRUCTURE

By
WANG, QIAOMING

F 1R0E

A thesis submitted in partial fulfillment of
the requirement for the degree of

MASTER OF SCIENCE IN PHYSICS

WASHINGTON STATE UNIVERSITY
Department of Physics and Astronomy

MAY 2012




To the Faculty of Washington State University

The members of the Committee appointed to examine the thesis of QIAOMING WANG find

it satisfactory and recommend that it be accepted.

Committee:

G4y S (ol

Gary 3. CoIlirf,ﬁhair
/é" /_/'(7;-'»

Kelvin Lynn *

)

St Sl

Farida A. Selim




ACKNOWLEDGEMENT

I would like to thank my advisor professor Gary S. Collins for his great assistance in my
choice of research topics, for his patient guidance in the analysis of experimental data and

response to my questions.

My thanks go to Randal Newhouse for his kind help in sample preparation and data

processing, and fixing the instrumental problems.

I would also like to thank Xiangyu Yin, Lee Aspitarte and Jesse Miller for their help and

advice on my experiments.

I would like to appreciate my family for their encouragement and support during my study.

iii




SITE PREFERENCES AND JUMP FREQUENCIES OF In/Cd
SOLUTES IN RARE EARTH PALLADIUM PHASES
HAVING THE L1, STRUCTURE

Abstract

By Qiaoming Wang M.S.
Washington State University
May 2012

Chair: Gary S. Collins

The method of Perturbed Angular Correlation of gamma rays (PAC) was used to study
site preferences of indium solutes and jump frequencies of cadmium impurities in rare-earth
palladium phases RPd; which has the L1, structure (prototype AuCus), including both Pd-poorer
and Pd-richer samples. It was found that indium solutes always occupied rare-earth sites in
Pd-richer samples. In Pd-poorer samples, indium preferentially occupied the rare-earth site for
light rare-earth palladides (R=La and Ce), both rare-earth site and Pd-site for R=Ce, Pr, Nd, Sm
and Eu, and almost entirely occupies the Pd site for R=Tb, Er, Yb and Lu. The sites occupied
were resolved through measurements of the nuclear quadrupole interactions at '''In probe nuclei.
For R=Ce, Pr, Nd, Sm and Eu, transfer enthalpies between R-sites and Pd-sites were determined
through temperature dependences of the site fractions. The enthalpies were found to change sign
along the series R=Ce, Pr, Nd, Sm and Eu, with indium solutes having lower enthalpy on

rare-earth sites for R=Ce and on Pd-sites for R=FEu.

For the series of rare-earth palladides, quadrupole interaction frequencies of cadmium
impurities on Pd-sublattice were found to be ~ 110Mrad/s for intermediate and heavy rare-earth
palladides. Surprisingly, the frequencies were observed to decrease along the series from R=Pr to
Lu, in spite of a decrease on the lattice parameter. In addition, temperature dependences of the

quadrupole interaction frequencies were found to be much greater for R=Pr than for R=Lu.




Quadrupole interaction frequencies of different L1, phases were compared using a point charge

model.

Jump frequencies of cadmium impurities on the Pd-sublattice were determined from fits
of nuclear relaxation for R=Ce, Pr, Nd, Sm and Eu, and eryctivation enthalpies were extracted from
the Arrhenius temperature dependence of their jump frequencies. Activation enthalpies increases
from 0.20 eV for R=Ce to 2.19 eV for R=Sm. Jump frequencies of rare-earth palladides were
compared with those observed in indides, gallides, aluminides, stannides and plumbides having

the L1, structure, and found to be generally the largest.
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Chapter 1: Introduction

Site occupation changes or site preference of solutes in intermetallic compounds has long
been an interesting field in nuclear condensed matter physics. Many experiments have been
explored to investigate the site preferences, including Mossbauer experiments by P. Chartier et al.
[1], the atom location channeling enhanced microanalysis (ALCHEMI) method by Y. L. Hao et
al. [2], and the Perturbed Angular Correlation (PAC) of gamma rays experiments by M. O.
Zacate et al. [3].

In this thesis changes of site occupation of indium solutes in rare-earth palladium phases
RPd; were studied using PAC experiments. In PAC technique, nuclear states of probe atom under
magnetic field or electric field gradient (EFG) can be studied and the locations of solutes are
determined by quadrupole interaction frequencies in the spectra. Changes of site occupation are
therefore characterized by the variation of the site-fraction of each signal. The present work
focuses on the binary intermetallic phases RPd; having the L1, structure A3;B (prototype: AuCus),
which is a face-center-cubic based structure (see Fig. 1). In the phase RPds;, R atoms are in the
corners of the conventional unit cell and Pd atoms occupy the face centers. Each R atom has 12
Pd nearest neighbors, while each Pd atom is surrounded by 8 R atom and 4 Pd atom as nearest
neighbors. Note that almost all RPd; phases have phase widths ranging from maximum
Pd-composition to minimum Pd-composition, different from “line” compounds (definite

composition, such as A:B=75:25).

Diffusion in solids is another topic which causes great interest in condensed matter physics.
In PAC experiments, diffusion in intermetallic compounds is characterized by jumping of nuclear
solutes, which are cadmium nuclei in the present work when '''In source is used. Specifically,
jumping of cadmium solutes causes reorientation of EFG directions and leads to dynamical
relaxation and damping of the perturbation function. Jump frequency of cadmium tracer in In;La
was studied by M. O. Zacate et al. [4] and dependence of the diffusion mechanism on lattice
constant in In;R was considered by G. S. Collins et al. [5]. In the present work, jump frequencies
of cadmium tracer atoms in RPds having the L1, structure were also studied by PAC technique
and compared with other L1, phases’ results (section 5.5). Jump frequencies in the Six series of
L1, phases were summarized and compared, including RIns, RPd;, RGas, RAl3;, RSn; and RPbs.

As an incidental result, quadrupole interaction frequencies of cadmium impurities for these six



phases were also measured and illustrated by a point charge model (section 5.3 and 5.4).

Figure 1. Crystal structure of L1, Phase. Large yellow sites are rare-earth atoms and small brown
ones are Pd atoms.



Chapter 2: EXPERIMENTAL METHODS

2.1 Theories of Perturbed Angular Correlation of Gamma Rays (PAC)

2.1.1 Introduction to PAC

The Perturbed Angular Correlation (PAC) experiments, which was started in the 1940s, [6,
71, use scintillation detectors to collect gamma-gamma cascade to study hyperfine interaction of
nuclear states in solids under magnetic field or electric field gradient. Early PAC experiments
had already been able to introduce a nuclear probe into the sample, to determine its nuclear spins
and parities, or study its hyperfine interaction fields in ferromagnetic materials or chemical
compounds and noncubic metals, and also point defects problems in metals can also be
addressed by PAC later. There are two generations of PAC point defect studies: the first
generation defect studies uses ion implantation to create the point defects and focus on their
properties, while the second generation or the modern generation prefers to trap interstitial atoms
close to probe atom by using vacancy clusters and make the study of these interstitial atoms

possible.

2.1.2 Electric Quadrupole Interaction

The interaction of a nucleus with an electric field or magnetic field is called a hyperfine
interaction. The PAC experiments aim to study the hyperfine interaction of probe atoms in electric or
magnetic environment. In the case of electric interaction, the energy of a nuclear charge
distribution p(r) in an external potential ¢(r) is (The equations in Chapter 2 are following
closely to Ref. [8] and [9].)

Eeectr = [ p()p(r)d®r (1)
where
[ p(r)d®r = Ze )
the energy can be expanded in a Taylor series around r=0:
Epjoctr = E@O + ED + E@) 4 ... (3)

where



E® = ¢, [ p(r)d®r (4)

d
E® = gzl(%)o [ p(r)d3r (5)
1 92
E® =288 5Grardo | pxaxgd’ (©)

The first term E is the Coulomb energy of a point like charge distribution in the external

() represents an electric dipole interaction of the dipole

electric potential; the second term E
moment of the charge distribution with the electric field E = —V@ at the origin (r=0); the third

term E is the electric quadruple interaction, the quantities

0%¢
0x40xp

( o = ¢aﬁ

can be diagonalized by a coordination and therefore

1
E® = Ez ¢aajp(r)xa2d3r
a

= 2> b [ 2 12 b [ I~ o

E® =E; +E, (7)

Ec is the monopole term, responsible for the isotope shift in atomic physics. Eq is the electric

quadrupole interaction term, and can be rewritten as

e
EQ = Ez Paa Qaa
a

where
Qua = [ P (322 —72)d?r (8)

If one defines
1
Qaa = Vaa + § (A¢)

the portion %(A(P) does not contribute to E, since Q,, and V,, are traceless tensors. Thus



Ey becomes

e
EQ = Ez Vo Qaa
a

V.o 1s called the electric field gradient (EFG), which has only two independent parameters

because of its traceless properties. Basically the appropriate choice of the principle axis system is
Vez > Vyy > Vix
by defining the asymmetry parameter n

_ Vax—Vyy 9
T )

the EFG can be completely described by V,, and 7.

Whereas magnetic fields are common to us through the variety of magnetic materials, this
is not the case for electric field gradients. At the site of the nucleus the measured magnetic or
electric fields can be modified by various sources, which can fairly well be calculated in the case
of magnetic fields, while for electric field gradients in metals appropriate theories are still

lacking. Therefore, using PAC in metals can shed light on a better understanding on this problem.

2.1.3 y —y Angular Correlation

The perturbed y —y angular correlation method (PAC) basically study the time
dependence of the y —ray emission pattern, which requires y-rays emitted anisotropically
from the probe atoms. Fig. 2 is a scheme of y —y emission illustration. The initial state |I;, M;)
decays into intermediate state |I, M) by emission of y; and then followed by emission of y,
into final state |If, Mf). This is an unperturbed angular correlation where M state does not have
life time and thus could not be affected by external magnetic field or EFG. The transition

amplitudes for the Y -ray emission from |I;, M;) to |I,M) and from |I,M) to |I;, Mf) are

(I'M'klﬂo-ll}[llli'Mi> and (If,Mf,k2,0-2|j'[2

ILM)

where k;,0; and k,, o, are the wave vector and polarization of y; and y,, respectively. H;

and H, are the interaction Hamiltonian operators for the emission of y; and y5,.

The angular correlation is



w(M; > My) =

Z My |76, | M) (M |3y | M; )‘
M

after summing the transition probabilities and calculating the matrix elements [4], the angular

correlation is given by

kmax
Wk ko) =W(0) = > A(DA 2P (co50)
k even
The coefficient A;(1) depends only on the first transition and A,(2) depends only on the

second.

In perturbed y —y angular correlations the intermediate state |I, M) has a lifetime Ty
and a given initial substate |M,) in this level will evolve into |My) = A(t)|M,) during this
lifetime, where A(t) is the time-evolution operator. The perturbed y — y angular correlation is

therefore

1 . .
Wik = ) ADADGET O Vel (01, 61) Y (8, 62)
& e T g D@k v T e

where G (t) is the perturbation factor, which depends on the quantum numbers of the
intermediate state. In electric quadrupole interaction, the angular correlation depends only on the

angle between k1 and k2, and thus G,Icv1 1,?; 2(t) can have the simple formula [11]:

W(,t) = Xkmax A Grerc () Py (cos6) (10)
where
G (t) = T8 sinc0s (wjt) (11)
Here

a)g = 3wy for I integral

a)g = 6wy for I half-integral
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Fig. 2. Illustration of y-ray emission pattern



2.1.4 Quadrupole Interaction Frequency

In the tensor representation, the electric quadrupole interaction energy is given by [12]:

_ 3M?-I(I+1)

Eq = 41(21-1) eQVzz (12)

The transition energy between two sublevels M’ and M" in the intermediate state M is

ny m o__ 3eQsz 2 _ n21 2 _ n2
Eq(M') — Eq(M") = ;22| M" — M"2| = 3|M" — M"?|hawg (13)

where the fundamental quadrupole frequency is defined as

_ eQVy,
©Wo = Hai-nn (14)

In the case of '''In probe atoms, the nuclear spin is 5/2, and the energy splitting is shown

in Fig. 3.

w3 = wy + w,; = 18wy

the transition frequencies w;: w,: w5 inthe case n = 0 are in the ratio 1:2:3.



2.2 PAC Experimental Apparatus

2.2.1 PAC sources

In PAC technique, the EFG of radioactive probe atoms is measured by counting the
gamma-gamma cascade, to characterize a metal in a microscopic scale. The most commonly

Ny -
In is used as

used PAC sources are 'In, "*'Hf and '"Pd. In our experiments, the isotope
radioactive probe atoms, which is also the most frequently used PAC sources.

"Cd by electric capture (EC), which

Fig. 3 is the decay scheme of ""'In. ""'In decays to
has three energy levels [ =7/2, 5/2 and 1/2. The I=5/2 energy level is an intermediate state having
lifetime for only t;,, = 85ns, which can be split into six sublevels under external magnetic

3 1

fieldor EFG, |1 =2,M = +2, +3,+3).
2 2 2 2
"In(4.0d)
ec
Y.[ 173 kev +5/2
i 120ns + e % %
+3/2
Y. | 247 eV O e
¥
”1Cd

Fig. 3. Decay shecme of ''In. The right part is the energy splitting of an spin-5/2 level under the
influence of an axially symmetric quadrupole interaction.

2.2.2 PAC Experimental Setup

In PAC measurement, four detectors are used to record coincident count rates that oscillate
in time with frequencies. The four detectors usually have geometrical scheme shown in Fig. 4,

having 90 degree angles with each other. The y-ray emission pattern sweeps past the detectors



like a lighthouse beam. The first y-ray (y; in Fig. 3) is used as the start signal, while the second
y-ray (y, in Fig. 3) is used as the stop signal. Every y-ray is separated into an energy signal and
a time signal, which are amplified by a constant fraction discriminator (AMP) (Fig. 5). The
energy passes through a single channel to a coincidence circuit, while the time signal is delayed
and allowed to pass the coincidence circuit only if the energy has the desired value. The signals
are then sent to a time-to-amplitude converter (TAC), where the output is converted to digital

values by an analog-to-digital converter (ADC) and stored in a multichannel analyzer.

The coincident count rate N;; between start detector i and stop detector j is [10]
Nij = EiEjQ'i‘Q‘jN (15)

where €; and ¢; are the detector efficiencies, Q; and (; are solid angles normalized to 4,
and N is the source activity. If the four detectors are labeled as shown in Fig. 4, the angle 6
between detectors ij = 13,14, 23,24 are m, m/2, m/2 and m, respectively. Generally, in PAC
experiments, four double-sided spectra need to be collected, which means that each angle 6 has

two coincident count rate N;;, one in the positive time and the other in the negative time. The

JE)
perturbation function G,(t) can be extracted from the number of the differential coincidence

count rate at time t for the four detectors

where B;; is the time-independent background random coincidence count rate. For source with
random distribution of the direction of local fields (i.e. isotropic), the angular correlation
W(0,t) in Eq. (10) can be given by

w(,t) = exp (— %) {1+ Ay7,G,(t)P,(cosh)} (17)

10



Source
4

Fig. 4. Geometrical arrangement of the detectors for a four detector PAC apparatus.
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correlation measurement. (Taken from Ref. [9])

12




The perturbation function Gy (t) in section 2.1.3 can be expanded by Eq.(11). For
nuclear spin [ = 5/2 (Fig. 3), the parameters s,, can be calculated and

7 13 10 5
G,(t) = =+t cos(wpt) + = cos(2wgt) + = cos(3wyt). (18)

Here w, equals to wg in eq.(11) and would be denoted as w; in the following text.

In PAC experiments, C;;'(6,t) can be fit from the data collected, which is then subtracted

from the background B;; and gives the true coincidence count rate
Cij(6,t) = C;;'(6,t) — Byj

here two geometric averages are used:

C(m,t) = \/C13(7T: t)Ca4(m, t)

C (%,t) = \/C14 (%'t) C23(g:t)

from Eq. (16) and Eq. (17), it can be easily shown that the experimental perturbation function

G,(t) is given by

2 CD-CcGt)
Azva C(m)+2¢(Gt)

G (t) = 19)

note that each of C(m,t) and C (g, t) are proportional to \/ €1€2€3€,80,0,050,, so that all those
detector variables cancel in Eq. (19).

The solid angle attenuation factor y, is related to the experimental geometry of the four
detectors, and in the present experiments it was approximately set as 0.7. If a probe nuclide has
different nuclear environments, the total perturbation function will be a superposition of the

perturbation functions
G2(®) = ) fiGu(®)
7

The fractions f; and perturbation functions G,;(t) can be fitted to the PAC spectra, and

Xifi=1

13



2.3 Sample preparation

Samples of RPd; binary phases, R=La, Ce, Pr, Sm, Eu, Tb, Er, Yb, Lu, Sc and Y were
prepared using the arc melting technique. In each phase, desired masses of two metals were cut
from high purity metal foils. Then a razor blade was used to remove oxide from the surface of
the metal pieces. Since rare earth metals easily become oxidized in air, the piece of rare earth
metal was put in the mineral oil immediately after it was cleaned. Fresh carrier-free '''In/Cd
drops of activity dissolved in 0.05M HCI solution was placed on Pd metal in a few microliters
each time and dried. Later, the rare earth metal was wrapped within the Pd metal and then they

were put into an arc furnace for melting.

The melting was under argon gas atmosphere to avoid oxidation. During melt, the two
pieces of metals shrank into a form of sphere which was shiny and metallic at first look after
melt. The activity of the sample was then measured and a good value of it was determined using
a scintillation detector to monitor. The mass of the sample after melt was weighted and the loss
of mass was calculated by subtracting the weighted mass from the original mass. The
composition range of the sample was determined by assuming that the mass loss was totally from
either of the two components. Typical sample masses were from 45mg to 100mg and
composition uncertainties ranged from 1 at % to 10.24 at % for different samples. Large mass
losses occurred for some samples because rare earth metals tended to evaporate during melting.
After melting, samples were either moved to PAC furnace for future experiments or else stored

under mineral oil.

Binary phase RXj at the R-poorer boundary is denoted as boundary A, while RX3 at the
X-poorer boundary is boundary B. To make RX3(A) or RX3(B), the composition uncertainties
need to be concerned and the full composition range of R should be completely larger than
stoimetry for RX3(A) or smaller for RX3(B) phase.
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Table 1. Composition ranges of rare-earth palladium phases. (Compositions were read from

available binary phase diagrams in Ref. [18] at the lowest temperatures shown)

Phase Minimum Maximum
Pd-composition Pd-composition
(at. %) (at. %)

LaPd; - -

CePd; 75.2 80.6

PrPds 74.4 76.6

NdPd; 74.9 74.9

SmPd; 74.7 75.8

EuPds 74.9 74.9

TbPds 74.9 76.3

DyPd; 75% 79

HoPd; 74.9 76

ErPd; 75.3 77

YbPds 75 -

LuPd; - -

YPd; 75 78.5

ScPd; 75 75
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In Fig. 6, a schematic rare-earth palladium phase diagram is shown, where a finite
width of the phase field is indicated. Since the melting of metals would cause mass loss, it is
unsafe to set the nominal composition inside the phase width because the real Pd-composition
after melt cannot be judged farily due to the mass loss while only a Pd-composition range can be
obtained. Therefore, to make a sample at the Pd-richer (poorer) boundary, it is necessary to make
sure that the whole Pd-composition range is larger (smaller) than maximum (minimum)

Pd-composition, sitting on the area A (B) as indicated in Fig. 6.

Other phase Other phase

7
%

R /‘ 75% \ Pd

Minimum Maximum
Pd-composition Pd-composition

<A

Fig. 6. Schematic phase diagrams of RPd;. A and B denoted Pd-richer and Pd-poorer phase
boundaries, respectively.
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Chapter 3: Theory

3.1 Crystal Structure of L1, Phase

The crystal structure of L1, Phase is a face-center-cubic (fcc) based structure. For RPd;
phase, rare-earth atoms are sitting on the corner points of the conventional unit cell (Fig. 1) while
Pd atoms occupy face centers. The rare-earth atom has 12 nearest neighbor Pd atoms and the Pd

atom has 4 rare-earth atoms and 8 Pd atoms neighbors.

The R site is cubic symmetric. However, the Pd site has tetragonal symmetry so that the
EFG is axially symmetric and the principle axis is normal to the cubic face. Jumps of the probe
atom between different sites cause reorientation of the EFG direction and damps out the
perturbation function. The jump frequency of the probe atom w can be obtained from the fits of

the perturbation functions which is proportional to the relaxation frequency A [13].

3.2 Dynamical relaxation and inhomogeneous broadening

For phases A;B with the L1, crystal structure (see Fig. 1), when '''In probe atom occupies
the Pd site, the EFG is axially symmetric and perpendicular to the face of the unit cell. The
jumping of an '"'In probe atom between Pd sites will cause a reorientation of the direction of the EFG and

thus the perturbation function will have dynamical damping which can be described by
Gy (8) = exp(=At) G5**(t) (20)

where GS$'¢(t) is the static perturbation function given in Eq. (19). The damping frequency A
can be related to the frequency of the change of the EFG due to the reorientation of the '''In
probe atom to one other orientation (Wgpg) [13]. There are two regimes in which the value of 2

can be specified approximately,

in slow fluctuation regime: A = (N — 1)Wggg (21)

2
in fast fluctuation regime: A4 = 100 (ﬂ) (;) (22)

6 NWEFG

where wg is the quadrupole interaction frequency and N is the number of different directions of
the EFG. For L1, phase, N = 3 since it has three different orientations of the EFG, and hence

A = 2Wgpe. Moreover, In slow fluctuation regime, the jump frequency of '''In probe atom w is
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equal to the inverse mean residence time, w = %, which can be given by the product of the jump

frequency of '''In probe and the number of different EFG orientations, w = 2wgp. Therefore,

w = A for the slow fluctuation regime (see also Ref. [13]).

However, the damping can also result from EFGs at the '''In probe atom caused by defects
on nearby sublattices, which is called the inhomogeneous broadening. Perturbation function
G,(t) with inhomogeneous broadening is given by

7 13 1
G,(t) = 3t + 3t cos(wyt) exp (— Eat)

+ g cos(2wyt) exp (—ot) + % cos(3wot) exp (— ; at) (23)

where wy, = 6w, and wq is given by Eq. (14), and o is the inhomogeneous broadening
parameter depending on the distance of defects to the '''In probe atom. Since it is hard to
differentiate the damping from the dynamical relaxation and that from the inhomogeneous
broadening, in the fitting of spectra one can reasonably assume that the dynamical relaxation can
be ignored at room temperature, and thus the damping at room temperature is completely caused
by inhomogeneous broadening. By fixing the ¢ obtained from room temperature spectrum, the

dynamical damping factor 4 could be fitted from higher temperature spectra.

3.2 Diffusion Mechanism and Point Defects in L1, phases

Several diffusion mechanisms are possible, including A-sublattice vacancy diffusion
mechanism [4], a ring exchange mechanism [14], a B-vacancy six-jump cycle [15], a divacancy

mechanism [16] and a vacancy conversion mechanism.

3.2.1 A-sublattice vacancy diffusion mechanism

A-sublattice vacancy diffusion mechanism might be the most elementary mechanism,
which consider for In/Cd probe atom on the Pd site, there is a vacancy on the nearest Pd site and
In probe atom can have random jumping to this vacancy. In a simple way, the total frequency
should be a multiply of the number of nearest neighbor Pd sites z (z=8), the random jump
frequency of In probe atom from one Pd site to the vacancy w, and the probability of vacancy
on the Pd site [Vp,] (see Ref. [13]):
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w = z[Vpglw, (24)

and the diffusivity of In probe atom on Pd site is

D == fd?w (25)

where d is the jump length (d = \/%a because of the fcc structure, a is the lattice constant) and

f is the correlation coefficient for diffusion, which is a function of temperature in general cases.
For self-diffusion of Pd on the Pd sublattice, f is equal to 0.689 [17].

3.2.2 Six-jump cycle mechanism

A six-jump cycle mechanism [15] describes a close loop jumping of a B-vacancy between
A sites and B sites in A3B phases. For RPd; phase, R-vacancy first jumps from the R site to the
Pd site, then moves to another R site, passes through another Pd site and comes back to the
original R site. However, to take into account the R-vacancy jumping between different R sites,
the R-vacancy needs to make another two consecutive jumps to the other R site, which is called a
six-jump cycle. During this process, two Pd atoms have been exchanged and the R-vacancy has
switched its position with another R atom. The similar situation can be considered in the case of
a Pd-vacancy, although the A-sublattice vacancy diffusion mechanism is probably much more

effective.

3.2.3 Other Mechanisms

Ring exchange mechanism was first proposed by Zener [14] for bee and fcc structures,
where nearest neighbor sites are considered in a ring and probe atoms can jump in the ring with
energy costs. For fcc structure, 3-ring and 4-ring diffusions are more favored than 2-ring
diffusion because they cost less energy during probe atom jumping, and therefore are considered

as more realistic in real diffusion.

The divacancy mechanism and the vacancy conversion mechanism are also possible
diffusion mechanisms for L1, phases. In the divacancy mechanism [16], two near neighbor
vacancies V; and Vp form a divacancy and move at the same time while each of the vacancies

stays on its own sublattice. In the vacancy conversion mechanism, a vacancy on one site can
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react with another site to change to a vacancy on another site. For RPds, one of the reactions can
be Vi + Inpg = Vpy: Ing, and the new vacancy pair Vp4: Ing can contribute to the diffusion on
the Pd sites. The jump frequencies of Vi and Vp,:Ing are of the same order without

inhomogeneous broadening.
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Chapter 4: Results

4.1 Heavy Rare Earth Palladium Phases RPd; (R=from Gd to Lu)

In this thesis, rare earth palladium phase RPds at the R-poorer boundary and the Pd-poorer
boundary are denoted as boundaries A and B, respectively. Heavy rare earth palladium phases
(the lanthanide elements from Gd to Lu, and also Sc and Y) were prepared at both boundaries A
and B, including R=Tb, Er, Yb, Lu, Y and Sc. Since these samples’ spectra all show similar
signals and the dynamical properties, only the spectra of LuPds; are shown provided here, i.e.
LuPd; (A) and LuPd; (B).

The adjacent phases of LuPd; are Lu,Pds and pure Pd (Table 2). The sample LuPds(A) had
nominal composition range of 19.3-20.4 at % Lu. The spectrum at RT = 10°C (the left part of
Fig. 7) showed a signal of site fraction 67(2) at % with a mean fundamental frequency
w; = 14.9(4)Mrad/s. Another signal was an offset signal which had site fraction 31(1) at % at
RT. These signals were due to the average of EFGs for In/Cd on the Lu-site affected by point
defects located randomly in the lattice, probably Pd;, or V,. As can be seen from the spectra

of LuPd3(A), the site fractions of the two signals were independent of the change of temperature.

Lu-Pd Crystal Structure Data

Struktur-

Composition, Pearson Space bericht
Phase at.% Pd symbol group designation Prototype
L 17) BT 0 hP2 Pé3/mme A3 Mg
LuPHa) oeeinss 50 cP2 Pm3m B2 CsCl
LugPdy®) ...... 57.1 hR14 R3
LugPds(0)....... 71.4 cF144 Fd3m
LuPd3@)........ 75 cP4 Pm3m L1 AuCu3
(4 ) DU 100 cF4 Fm3m Al Cu

(a) From [62Dwil. (b) From [74Pal]. (c) From [74For]. (d) From [61Dwi).

Table 2. Crystal structure data of Lu-Pd system (taken from Ref. [18]).
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Two LuPd; samples were made at the B boundary, including nominal composition
ranges of (B1) 27.4-30.2 at % Lu and (B2) 24.4-30.2 at % Lu. Although the range of sample (B2)
encompassed 25% (the stoichiometeric composition), this sample was determined to be at the
B-boundary (Pd-poorer) because a high frequency w; = 107 Mrad/s was identified at room
temperature (RT) as sample B1, while this high frequency can also be seen in other heavy
lanthanide palladides at the B-boundary. The spectrum at RT (the right part of Fig. 7) fitted with
a majority high frequency of site fraction 70(1) at % with w; = 107.4(2)Mrad/s, an
inhomogeneious broadening o = 2.5(2)Mrad/s and a offset signal of site fraction 23.9(5)
at %. The high frequency was attributed to '"'In/Cd probe on the Pd-site of LuPds;. As
temperature increased, the high frequency did not have dynamical relaxation even at T =
1200K. Also, no obvious dependence of site preference on temperature was observed for
LuPd;(B) samples (as well as other heavy rare earth palladium L1, phases RPds;, whose spectra

are not shown in this thesis).
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perturbation function to Eq. (20). (Data of LuPd; (B) taken from the B1 sample)



4.2 Intermediate Weight Rare-Earth Palladium Phases RPd; (R=Pr, Nd, Eu and Sm)

Jump frequencies and site preference of PrPd; were measured for both boundaries A and
B. The adjacent phases of PrPd; are PdsPr and Pd,Pr (Fig. 8). The sample PrPds;(A) had nominal
composition range of 20.3-21.3 at % Pr. This sample showed a majority signal of offset with site
fraction 58(1) at % at RT and a minority signal of w; = 6.4(4)Mrad/s with site fraction 32(1)
at % at RT (Fig. 16). The offset signal was attributed to '''In probes at the Pr site and the low

frequency signal was caused by the EFG from Pdp, or Vp, defects at the SNN Pr site. As

temperature increased, the site fractions of the offset signal became larger, as can be seen from

the flatter spectrum at higher temperature. This behavior may be due to the reorientation of the

EFG caused by the jumping of random Pdp, or Vp, point defects located near '''In/Cd probe.

Temperature °C

Weight Percent Praseodymium
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Fig. 8. Phase diagram of Pd-Pr system (taken from Ref. [19])
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The sample PrPds;(B) had nominal composition range of 26.3-27.2 at % Pr. Fig. 10
shows representative PAC spectra of the PrPd;(B) in the slow fluctuation region fitted with Eq.
(20) for the perturbation functions (solid lines). The fit at RT had a majority signal of site
fraction 68(1) at % with the fundamental frequency w; = 119.3(1)Mrad /s, which was axially
symmetric. The majority signal was attributed to '''In/Cd probes on the Pd-sublattice of PrPds.
The spectrum at RT also had an offset signal of site fraction 19.9(5) at %. The low frequency can
be attributed to 'In/Cd probes on the Pr-sublattice of PrPd; with EFG from the defects at the
SNN sublattice. Also, one can attribute the offset signal to '''In/Cd probes on the Pr-sublattice of
PrPd;. As temperature increased, the spectra showed temperature dependence of site preference,
i.e. the offset site fraction decreased while the site fraction of site fraction increased, showing
that '"'In/Cd probes tended to move to Pd-sublattice at higher temperatures. Theoretically, the

ratio of the site fractions f(Pr)/f(Pd) should satisfy the thermal equilibrium equation [9]:
Ing + Pdpy © Pdgr + Inpg or Inpg + R © Rpy + Ing

FR) 0
fpay "0 €XP (kBT) (26)

= 2[Pdg]exp (- %) eXp (kg_T)

or = é[Rid] exp (— S’;—}:r) exp (k%)

where Syfor and Q are the change in vibrational entropy and enthalpy when "n/Cd probe

transfers from the R site to the Pd site. The bracketed quantity [Rp;] is the fraction of
Pd-sublattice occupied by rare-earth atoms, [Rpq] = NX;/Npy, where NJ; is the number of
Pd-sites occupied by species R, and Np, is the total number of Pd-sites. Fig. 11 shows the fit of
ratio plot for R=Pr with Eq. (26), where the slope of fit is 0.5 eV. For Pr composition far from the
stoichiometric value, the majority of Prp; defects would be thermally activated and [Prpq] is
approximately independent of temperature [3], and therefore one can attribute the slope to the
transfer enthalpy Q. In Fig. 17 one can see two regions have been identified, while at low
temperatures system cannot reach equilibrium states and thus ratio points deviate from the fit. In
this sample PrPds(B), the transfer enthalpy Q =~ 0.5(1) eV’.

The fit of the values of A (equals to jump frequency w) to Eq. (20) is shown in Fig. 16
(b). The six measurements at high temperature fall in a straight line while the three deviated
measurements may be due to the effect of inhomogeneous broadening. The activation enthalpy
can be obtained from the slope of the fit, Q = 0.8(2)eV.
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Fig. 11. (a) Ratio of site fractions f(Pr)/f(Pd) and (b) jump frequencies of In/Cd, plotted versus
inverse temperature for PrPd;(B). Straight lines show fits to Eq. (26) for (a) and Eq. (20) for (b).
Dash line separates equilibrium region and non-equilibrium region.
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Results of R=Nd, Sm and Eu at the A boundary would be ignored here because they had

similar signals and behaviors as the heavy rare earth palladium L1, phases in section 4.1.

The adjacent phases of NdPd; are NdPds and Nds;Pd, (Fig. 12). Sample NdPds(B) had a
nominal composition range from 29.0-30.8 at % Nd. The spectrum at RT showed a high
frequency w, = 110.5(1)Mrad/s with site fraction 59(1) at % and an offset signal with site
fraction 14.7(3) at %. As temperature increases, the high frequency started to show dynamical
relaxation above 673K (see Fig. 13), and at temperatures above 1100K this frequency was
completely damped whose amplitude cannot be seen in the Fast Fourier Transformation (FFT)
spectrum. In a further step, the small change of site fractions of the signals with temperature was

also studied (Fig. 14) and the ratio of site fractions f(Nd)/f(Pd) slightly increases as temperature
eV.

goes from low to high. Therefore, the transfer enthalpy Q=0.32(9)
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Fig. 12. Crystal structure data of Nd-Pd system (taken from Ref. [18])
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SmPd; has adjacent phases PdsSm and Pd»;Sm;o (Fig. 15). The sample SmPds;(B) had
nominal composition range of 27.2-37.5 at % Sm. In PAC spectra, SmPds(B) had similar signals
as NdPds, a high frequency w; = 116.54(9)Mrad /s with site fraction 62(1) at % and an cubic
signal (offset) with site fraction 11.7(2) at % at RT. The temperature where SmPd3(B) starts to
show dynamical relaxation (Fig. 16), was higher than that of NdPds;(B) proving that SmPd;(B)
had larger activation enthalpy. As temperature increased, the high frequency’s site fraction

dropped while the site fraction of cubic signal increased (Fig. 17). The transfer enthalpy of
SmPd;(B) is Q=-0.07(2) eV.
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Fig. 15. Phase diagram of Pd-Sm system (taken from Ref. [18])
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EuPd; was also studied because it had lattice constant between NdPd; and SmPds. The
adjacent phases of EuPd; are EuPds and EuPd, (Fig. 18). The sample EuPd;(B) had nominal
composition range of 24.7-33.6 at %Eu. For the two signals, the high frequency w; =
117.1(3)Mrad/s had site fraction 53(2) at % at RT while the offset signal had site fraction
37.7(4) at %. The high frequency of EuPd;(B) was close to frequencies in other RPd; phases,

unlike in stannides RSn3, where EuSnj has frequency as half as other RSns phases.

The dynamical relaxation of EuPds;(B) is shown in Fig. 20 and one can see that the
activation enthalpy of EuPd;(B) is between that of NdPd;(B) and SmPd;(B) because its
dynamical damping happens at an intermediate temperature. This behavior strongly suggests that
the activation enthalpy of RPd; should be related to its lattice constant (see also section 5.1). As
temperature increases from 673K to 1173K, the site fraction of the high frequency drops while at
the same time the offset signal increases, which can be plotted versus inversus temperature (Fig.

19). Theoretically, '''In tracers switch from Pd site to Eu site can be described as
Inpg + Eug, < Eupyg + Ingy,

The site-ratio of f(Eu)/f(Pd) can be given by

% = m exp (— %) exp (I?—T) = 1y €xXp (kQ—T) (26)

The first several points which deviated from the fit line may be because these points were
at low temperatures where equilibrium had not been set up. The transfer enthalpy fitted was Q=
-0.14(1) eV (Here the enthalpy was obtained by averaging the two transfer enthalpies). As can be
seen, the increase of the ratio with temperature indicated that '''In prefers to switch from the

Pd-site to the Eu-site at higher temperatures.
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Fig. 18. Phase diagram of Eu-Pd system (taken from Ref. [18])

36

| | | L 1 610 7I0 aio 9l0 100
1808k i e e e e e bbb B N
1 T T T T T 1 ‘:1555.0
AF
] 1425°C K/
1400 S F
1330°C !,f",f' 3
] . :
1200 L ;S -
‘:| ‘\ l’ f’
] unosec \//
] 1080°Cf 57 {
1000 v (Pd) |
2 o
855°C ! :
5 gu L
E ~4Z 5%C '
] |
] i
3 =
600 e T Clg0
1 545 ¢
3 175 \“ :
] \ ]
400-; l,‘ -
] ol o \ o
1 3 3 A 9 A
t=—(Eu) o i I 1 B R
o4 : a a A =} = Al | \ 3
:
] :
3
0 : S [N - o NI SR A _
0 10 20 30 40 50 60 70 80 20 100
Eu Atomic Percent Palladium Pd



1200 1100 1000 900 800 700 600
F T T+ T T 1 ' T J ' .
L5 F 6 5 o \ m  EuPd (B)
X 10 ]
[ 7 ]
1 E 3 41
5 11 J
S . _
= 2
=
ETJ/ - J
= 05
i 1
Q=-0.14(2)eV
| \ | \ | \ | \ | \ | \ | | \ | \ | |
9 10 11 12 13 14 15 16 17 18 19 20
1/KT (eV)

Fig. 19. Ratio of site-fraction of '''In on Eu-site over site-fraction of '''In on Pd-site. Solid lines
g

are fit to Eq. (26). Numbers are in the order of measurement. Activations enthalpy is obtained

from the average of the two fits.



Tlme
| 123K |

\
,,“’ "“ WWM i w‘,w {

H\ |
H 10731|< { ‘
Osuig%ul\ ‘ r)‘

1@

"

973K

100 200 300 400 500

Fig. 20. PAC spectra of EuPds(B). The left part shows the time domain spectra where solid lines
are best fits to Eq. (20) and the right part is the FFT of the time spectra.

38



4.4 Light Rare-Earth Palladium Phases RPd; (R=La and Ce)

LaPd; samples were prepared at both phase boundaries A and B. The adjacent phases of
LaPdj; are pure Pd and La;Pd4 (Table 3).

Sample LaPd3(A) had nominal composition range of 19.1-20.4 at % La, which was at the
A boundary (La-poorer). The left portion of Fig. 22 shows representative PAC spectra of the
LaPd3;(A) sample from room-temperature (RT) to 673K. The solid lines were perturbation
functions fitted with Eq. (20). The fit of the spectrum at RT had a signal of 20(1) at % site
fraction with a mean fundamental frequency w; = 7.9(9)Mrad/s, and a offset signal of 38(4)
at % site fraction with w; = 129(2)Mrad/s and n = 0.44(1) (here n is not the n in Eq.
(9)). The minority signal was attributed to the EFG from defects surrounding the probe '''In/Cd
atoms. The non-axially symmetric majority signal did not come from LaPd; because there are no
non-axially symmetric sites in this phase. X-ray measurement showed that there was another
phase LaPd5 in this sample which is believed to be a D24 structure (Prototype CaCus) [27]. In
this phase, there are two different types of Pd-sites, one is symmetric while the other is
non-axially symmetric. The high frequency in this phase must be from the non-axially symmetric
Pd-site. The 33(1)% fraction of offset in the spectra could be attributed to probes which occupy

the R-site in the L1, structure.

The nominal composition range of LaPd;(B) sample was 26.4-28.0 at %La, definitely at
the B boundary (La-richer). The spectra (the right part of Fig. 21) fitted with only two signals.
The dominant signal was the offset signal, with 63(2) at % site fraction at RT. This offset signal

was reasonably attributed to '

In/Cd probes at the La-site, where EFG is zero because in cubic
symmetric La-site quadrupole interaction frequency is w; = 0. The general rule is that in
Pd-poorer sample '"'In/Cd probes would like to occupy Pd-site, while in this phase '''In/Cd
occupied R-site instead of Pd-site. The minority signal was a mean frequency signal, w; =
5.0(4)Mrad/s with 38(2) at % site fraction at RT. This signal should be from the average of
EFGs from random defects e.g. Pd atom at SNN La-site (Pd;,;) or vacancy at SNN
La-site(V,,). As temperature increased, the site fraction of the offset signal increased while the
site fraction of the low frequency decreased, and correspondingly the spectrum became flatter.
Similar to LaPds, this trend should be from the reorientation of the EFG by fast jumping of point

111

defects near  In/Cd probe at high temperatures.
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CePd; samples were made for both boundaries A and B, including one CePd;(A) sample
and four CePd;(B) samples. The adjacent phases of CePd; are Ces;Pds and CePd; (Fig. 21). The
sample CePd;(A) had nominal composition range of 15.0-20.4 at % Ce. There were only two
signals in sample CePd;(A), i.e. the dominant signal here was a mean frequency signal,
w; = 29.4 Mrad /s with site fraction 93(3) at % at RT (Fig. 23). This signal was due to the
"n/Cd at Ce site affected by the EFG from Pd., or V,, at the SNN Ce site. The minority
signal was the offset signal with site fraction 12(1) at % at RT, which is from the "'In/Cd at
Ce-site interacting with the EFG from Pd atoms at the Nearest Neighbor (NN) sites. As
temperature increased, the site fraction of the minority signal had small increase to 18.3(9) at %
at 873K, i.e. the site preference of CePds;(A) phase was approximately independent of

temperature.

Three of four CePds;(B) samples showed cubic signals, and their nominal composition
ranges are (B1) 24.3-29.1 at % Ce, (B2) 27.9-32.9 at % Ce and (B3) 30.5-36.5 at % Ce. They had
similar spectra and the right part of Fig. 22 is taken from sample CePd;(B3) as an example.
Similar to CePd3(A), spectra of CePds;(B) had only cubic signals, the offset signal as the
dominant signal and the low frequency signal as the minority signal. However, the offset signal
had larger site fraction than CePd3(A), 45(1) at % at RT. The spectrum of CePds(B) did not
change with the increase of temperature (Fig. 21), which shows independence of site preference

of CePd;(B) on temperature.

Note that the peaks of CePd;(B) are broader width than CePds;(A) at half maximum
amplitude. This broader peak behavior was related to the width of CePd; phase in the phase
diagram (Fig. 21). Specifically, CePds(B) is close to the minimum Pd-composition while
CePds(A) is around maximum Pd-composition. In this case, these two phases have different

concentrations of defects and thus show different widths in their spectra.

However, there was one CePds;(B) sample showing high frequency signals. As
temperatures increased, the ratio f(Ce)/f(Pd) decreased (Fig. 23), and the fitted transfer enthalpy
was 0.7(2) eV. Since it is well-known that In/Cd would have equal properties at both Ce-site and
Pd-site at extremely high temperatures, the results shows that the enthalpy of In/Cd at Ce-site is

lower than Pd-site at low temperatures.
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La-Pd Crystal Structure Data

_ Struktur-

Composition, Pearson Space bericht
Phase at.% Pd symbol group designation Prototype
(0% -9 TR 0 el2 Im3m A2 W
(5 97: ) SN 0 cF4 Fm3m Al Cu
(aLa)....ccceneee 0 hP4 P63/mme A3’ ala
La7Pds(a) ....... 30 hP20 P6ame D102 FegTh7
LaPd()........... 50 oC8 Cmem Br CrB
LagPd4(©)........ 57.1 hR14 R3
LaPdg(d)......... 75 cP4 Pm3m L1z AuCug
(Pd) ..o 100 cF4 Fm3m Al Cu

(a) From [73Mor]. (b) From [75Pal]. (¢) From [74Pal]. (d) From [61Dwi].

Table 3. Crystal structure data of La-Pd system (taken from Ref. [18])
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42



LaPd(B)

BT T ———E S

:

‘\ w } i } | | !H I‘M 1

‘\: A 673K il

‘1‘ | " ’“ mm ‘ [| \
( . ‘ } }H“ m \‘ HH\

‘ |

9] \H‘ i i “
\ i ‘ | u ““!;_‘iu“ ‘%‘u‘ | M \‘h“
[l W 4

‘ ‘ H h

-500 250 0 250 500 -500 250 0 250 500

|

Fig. 22. PAC spectra of LaPd; at phase boundary compositions A and B. Solid lines are best fits
of perturbation functions to Eq. (20).
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Fig. 24. Ratio of site fraction of In/Cd on Ce-site over site fraction of In/Cd on Pd-site, plotted
versus inverse temperature. Solid line is best fit to Eq. (26). Dash line separates equilibrium
region and non-equilibrium region.
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Chapter 5: Discussion

5.1 Site preferences of In solutes

The spectra of rare-earth palladium phases RPd; showed interesting site preferences which
had not been observed in other L1, phases. Table 4 summarizes the site preferences of rare earth
palladium phases having the L1, structure. For RPd; phases at the boundary A, '''In probe atom
always stays on R-site where only low frequency and offset signals can be measured. However,
at the boundary B, most of rare-earth palladides (RPd;, R=from Pr to Lu, and Sc and Y) have
high frequency signals (w; ~ 110 Mrad/s) as the majority signals which are attributed to '''In
probe atom on Pd site. Specifically, R=Pr, Nd, Sm and Eu have the coexisting site occupations
with site fractions from both R-site and Pd-site. Nevertheless, LaPd;(B) and CePds;(B) are the
two different phases where In probe atom only goes to rare-earth site even in the Pd site

deficiency case.

In table 5 site preferences of different phases are compared, including L1, phases R=Pr,
Nd, Sm and Eu, C15 structure phase GdAl,, and Ga;Pd;. One can see that indium solutes have
lower enthalpy on R-site for R=Ce, Pr and Nd, while for R=Sm and Eu the enthalpy of Pd-site is
lower. The magnitudes of transfer enthalpies are also comparable to those in other phases, e.g.
GdAl,, and Ga;Pd;. For comparison, Ga;Pd; has two types Ga-sites and "n switches from the

Ga(3)-site to Ga(4)-site with the increase of temperature.

Fig. 25 gives the change of transfer enthalpies on rare-earth elements. The trend is
surprisingly close to linear relationship. From R=Ce to R=Eu, the transfer enthalpy Q changes

from positive to negative, showing a very smooth transition.
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Table 4. Site preferences of rare-earth palladides. ‘Pd’ represents '''In probe atoms prefers to
occupy the Pd site than the rare-earth site, while ‘R’ means '''In probe atoms only stays on the
rare-earth site.

La
Pd-poor
R-poor *
Gd |Th
Pd-poor
R-poor %

- In/Cd goes to Pd-site

MNo data

In/Cd prefers R-site

In/Cd goes to R-site
and new phase

Table 5. Site preferences versus change of temperature for four different phases. Here notations
of elements represent sites where '''In probe prefers to go. Corresponding activation enthalpies
are also provided.

Phase Low T HighT  Q[eV] Ref.

CePd; R Pd; 0.7(1) This work
PrPds R Pd; 0.5(1) This work
NdPds R Pd; 0.32(9) This work
SmPd; Pd; R -0.07(2) This work
EuPds Pd; R -0.14(1) This work

""" GdAL, R AL 03437 3]

GayPd3 Ga(3) Ga(4) 0.10(1) [20]
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Fig. 25. Transfer enthalpies of rare-earth palladium phases fitted from Eq. (26), plotted versus

rare-earth elements. Solid line is given to guide the eyes.
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5.2 Quadrupole interaction frequencies of Cd impurities on Pd-sublattice

In Fig. 26, plots about quadrupole interaction frequency w; as a function of temperature

are given for rare-earth palladium phases RPds. All these curves can be fitted by a linear function
w1(T) = w1 (0°C)(1 + BT) (27)

where w,(0°C) is the quadrupole interaction frequency at zero temperature T = 0°C, S is the
slope of the linear fit regarding the change of frequency with temperature. All the plots for
different rare-earth palladium phases can be put together by replotting the ratio of quadrupole
interaction frequencies at temperature T over quadrupole interaction frequencies at temperature
0°C, versus change of temperature (see Fig. 27). Values of w;(0) and B for different RPd;
phases are also listed in table 6. One can see that at zero temperature, as the rare-earth R changes
from Pr to Lu, the slope S i.e. the change of frequency with temperature is about two times for
PrPd; as the slopes for LuPd; and YPds.

Fig. 28(a) further proves that w,; has approximately linear dependence on the change of
rare-earth R, both at RT and 673K. However, when compare Fig. 28(a) with Fig. 28(b), one can
find that in rare-earth palladides, frequency becomes lower if the lattice constant a decreases.

The changes of ®; at 0°C and B with lattice parameter are further studied in Fig. 29. The ®;(0°C)
and [} both have approximately linear dependences on lattice parameter. This behavior is unique
because other L1, phases at room temperature show an decrease of frequency with the increase
of lattice constant (see Fig. 30). Moreover, for rare-earth palladides P increases with the increase

of lattice parameter, while slopes P for RIn; are about constant which is about 2 x 10~* K1

(see Ref. [28]). This change of slopes may be due to different thermal expansion coefficients for

different RPds.
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Table 6. List of w;(0) and B for RPd; phases, R=Pr, Nd, Sm, Eu, Tb, Er, Lu, Sc and Y.

Phase w,(0) (Mrad/s) LK™
PrPd; 120.15(8) 1.913)
NdPd, 118.7(1) 1.5203)
SmPd; 116.72(7) 1.268(9)
EuPd; 117.52) 1.2903)
TbPd; 112.7(1) 0.99(2)
ErPd; 109.17(1) 0.852(9)
LuPd; 107.2(1) 0.65(2)
YPd 105.55(5) 0.982(8)

ScPd; 95(2) 0.9(2)
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5.3 Comparison of EFG’s in RPd; with EFG’s in other L1, phase systems

In this section, quadrupole interaction frequencies w; and jump frequencies w of '''In
probe atoms in six different L1, phases RX3 are summarized, including X=In, Pd, Ga, Al, Sn and
Pb. The dependence of frequency on lattice constant in L1, phases can be explained by point
charge model [21], which states that the EFG of probe atom is inversely proportional to a3

Vi =a— (29)

a3

a=1-k(@1-y>)nz (30)

41€E

where k is the electric enhancement factor and in many cases found to be about 3. yé" is the

so-called sternheimer antishielding factor usually calculated by Hartree-Fock method. AZ is the
difference between effective charges of A and B in L1, phase A;B, AZ = ng r_ ij ! , where B is the

rare-earth component and A is the transition metal component.

Fig. 31 gives the plots of w;a® for RX3 phases. The coefficient a in Eq. (30) is about 8
for RIn; and RPd;, 6 for RGas and RSn; and 4 for RAl; and RPbs. The value of w;a® is almost
constant for different rare-earth elements showing that the data fits fairly well in the point charge
model, except the slightly decreasing trend of RPds. Since a is proportional to AZ, the larger
the coefficient a, the biggest the effective charge difference. Generally, In and Pd can be put
together as group [ which has the similar effective number, also for Ga and Al as group II and for
Sn and Pb as group III. The group I has the largest effective charge difference, while the group

IIT has the smallest effective charge difference.

Effective Charge Dif ference: (In = Pd) > (Ga = Al) > (Sn = Pb)
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5.4 Jump frequencies of Cd impurity on Pd-sublattice

Dynamical relaxations were measured for RPd3, R=Pr, Nd, Sm and Eu at the B boundary.
Fig. 32 shows the change of jump frequency with temperature for these four L1, phases.

Generally, dependence of jump frequency on temperature can be fit by
_ Q
w = wyexp (— E) (28)

where wy is the prefactor which does not depend on temperature, Q is the activation enthalpy

regarding the switch of '

8.6 x 1075] /K.

In probe atom between Pd sites, and k is the Boltzmann constant,

At fixed temperature, PrPds; has the highest jump frequency, followed by NdPd; and EuPds,
and the jump frequency of SmPd; is the smallest, and their activation enthalpies Q are
0.77(18)eV, 1.10(28)eV, 1.14(11)eV and 2.19(13)eV, for R=Pr, Nd, Sm and Eu respectively. The
order of activation enthalpies of these phases agrees very well with the order of their lattice
constants, which shows that the smallest lattice constant would cause the highest activation

enthalpy.

For other RPd;(B) phases (R=from Gd to Lu), dynamical relaxation cannot be seen
possibly because of two reasons: 1. the activation enthalpy between Pd sites is so high that
jumping of Cd impurity is prohibited even at very high temperatures; 2. The jumping of Cd
impurity cannot be measured by our PAC equipments since only three filaments were used to

heat the sample while temperatures higher than 1200K cannot be achieved.

Table 7. The Prefactor and activation enthalpy in Eq. (28) for the four L1, phases RPds.

Phases QleV] wo[THz] Lattice Parameter
[nm]

CePds 0.20(3) 2.4(8) X10" 0416

PrPd; 0.77(18) 0.4(11) 0.4135

NdPd; 1.10(28) 6(21) 0.412

EuPd; 1.14(11) 3(3) 0.4101

SmPd; 2.19(13) 3(4)X 10° 0.4068
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Fig. 32. Jump frequencies for PrPd;, SmPds;, NdPd; and EuPds, plotted versus inverse
temperature. Solid lines are best fits to Eq. (28).
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5.5 Comparison of jump frequencies of Cd impurity for different L1, phases

Fig. 33 summarizes jump frequencies w of rare-earth L1, phases people have found (Data
can be found in Table 8). Generally, In-site and Al-site have approximately the same activation
enthalpies. Taken a further step, at the same temperature, jump frequencies of Cd impurity on
In-site is lower than Pd-site and Ga-site, and higher than Sn-site and Pb-site. In conclusion, the
activation enthalpies of Pd-site and Ga-site are the highest, while Sn-site and Pb-site have the

smallest activation enthalpies.
Activation Enthalpy on X site: (Pd, Ga) > (In, Al) > (Sn, Pb)

In Fig. 34 plots regarding the change of activation enthalpy with lattice constant for the six
different L1, phases are given. One can find that for RIn; and RPds, activation enthalpy is
approximately a linearly increasing function with the decrease of lattice constant, while for RGa;
and RAls, activation enthalpy is almost constant with the change of lattice constant. The
dependence of RSn; and RPbs on lattice constant is still unknown since not much data can be

found.
Activation Enthalpy with decrease of lattice constant:

(In, Pd)linear increase; (Ga, Al) unknown; (Sn, Pb)unknown.
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Table 8. Prefactors and activation enthalpies in Eq. (28) for jumping of cadmium impurities in
six different L1, phases.

Phases QleV] wO[THz] Lattice Parameter Ref.
[nm]
CePd; (B) 0.20(3) 2.4(8)X 10" 0.416 This work
PrPd; (B) 0.77(18) 0.4(11) 0.4135 This work
NdPd; (B) 1.10(28) 6(21) 0.412 This work
EuPd, (B) 1.14(11) 3(3) 0.4101 This work
SmPd; (B) 2.19(13) 3(4) X 10° 0.4068 This work
Laln; (A) 0.535(2) 1.02(5) 0.4732 [22]
Laln; (B) 0.81(1) 1.4(2) [22]
Celny (A) 0.91(4) 1.7(+1.2,-0.7) 0.4691 [22]
Celn, (B) 1.30(7) 11(+13,-6) [22]
Prin; (A) 1.173) 3.5(1.3) 0.4671 [23]
Prln; (B) 1.75(9) 240(120) [23]
NdIn; (A) 1.50(9) 27(25) 0.4653 [23]
NdIn; (B) 1.4(1) 10(10) [23]
Gdlns (A) ~23 ~8000 0.4607 [23]
Gdln; (B) 1.36(1) 5.2(4.5) [23]
Erln; (B) 1.07(7) 0.62(+0.60, -0.31) 0.4564 [22]
Tmln; (A) 1.4(2) 5(8) 0.4548 [23]
Tmln; (B) 1.2(1) 1.5(1.5) [23]
Yin, 1.43(5) 34(+26,-15) 0.4592 [22]
Luln; (A) 2.03) 4(1) [24]
Luln; (B) 1.17(4) 0.4(2) [24]
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Phases QleV] wO[THz] Lattice Parameter Ref.
[nm]
DyGa (B) 1.04(9) 1.6(1.7) 0.4271 [22]
ErGa; (B) 0.86(5) 1.7(1.3) 0.4206 [22]
LuGas (B) 1.10(6) 3.5(2.5) 0.4180 [22]
ErAl; (B) 1.6(2) 106(208) 0.4215 [22]
TmAl, 1.6(1) 100(+100,-50) 0.4200 [25]
YbAl, 1.2(1) 27(+17,-11) 0.4187 [25]
LuAl, 1.6(1) 100(+100,-50) 0.4202 [25]
LaSn; (A) 1.29(5) 14(9) 0.4769 [23]
LaSn; (B) 1.09(10) 3(4) [23]
CeSn; (A) 1.63(7) 69(51) 0.4724 [26]
CeSn; (B) 1.41(8) 26(245) [26]
PrSn; (B) 0.84(5) 0.11(6) 0.4718 [26]
NdSn; (B) 0.78(7) 0.05(4) 0.4708 [26]
SmSn; (B) 1.49(7) 134(99) 0.4689 [26]
GdSn; (B) 1.1(2) 2.8(5) 0.4680 [26]
LaPb; (A) 1.6(5) 3(19)X 10° This work
LaPb; (B)
CePbs (A) 0.4875
CePb; (B)
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Chapter 6: Summary

Site preferences of indium solutes in rare-earth palladium phases were studied and
compared with other phases, e.g. GdAl, and Ga;Pd;. Indium solutes only occupy R-sites for all
RPd; at the A boundary and for light rare-earth palladides at the B boundary. For intermediate
weight and heavy weight rare-earth palladides at the B boundary indium solutes prefer to go to
Pd-sites. Interesting changes of site occupations of indium solutes with temperature can be seen
for R=Ce, Pr, Nd, Sm and Eu. Specifically, as temperature increases, an indium tracer prefers to
switch from R-site to Pd-site for R=Ce, Pr and Nd, and from Pd-site to R-site for R=Sm and Eu.

Quadrupole interaction frequencies of cadmium tracer atoms on Pd sites were measured
for RPd; at the B boundary. For each RPd; phase, quadrupole interaction frequency was found to
have linear dependence on temperature, and decrease with the increase of temperature.
Throughout the whole rare-earth series, quadrupole interaction frequency also decreases as the
atomic number of rare-earth atom increases, or as the lattice constant decreases, and this trend
can be regarded as linear dependence approximately. Quadrupole interaction frequencies of six
L1, phases RX; (X=In, Pd, Ga, Al, Sn and Pb) were described by the point charge model, and the

corresponding effective charge number were determined.

Jump frequencies of cadmium tracer nuclides between Pd-sites were fitted for RPds at the
B boundary, and activation enthalpies can only be determined for R=Pr, Nd, Sm and Eu.
Activation enthalpies of heavy weight rare-earth palladium phases are too high that dynamical
relaxation cannot be seen. It was found that the order of activation enthalpies agrees well with
the inverse order of lattice constants, i.e. smaller lattice constant caused higher activation
enthalpy. Activation enthalpies of six L1, phases RX; (X=In, Pd, Ga, Al, Sn and Pb) were also

summarized and compared for different R atoms and X atoms.
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Addendum

This addendum to the thesis of Qiaoming Wang (MS, Physics, May 2012) was prepared by Gary S.
Collins with assistance of Randal Newhouse.

1. Corrected analysis of site-fraction ratios observed for NdPd;. The fit shown in Fig. 14 is erroneous.
A revised fit, including one datum omitted from fitting in Fig. 14 is given below. Data below 800K were

considered to be quenched-in (out of equilibrium) and were excluded from the fit.
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Fig. Al. Refit of site fraction ratios observed for NdPds, including one more datum at higher
temperature, but omitting three data at lower temperatures that are believed to not be on samples in

thermal equilibrium. Replaces Fig. 14 in the thesis.

2. Corrected analysis of site-fraction ratios observed for SmPd;. The fit shown in Fig. 17 omitted a

datum point. A revised fit, including the datum is given below.
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Fig. A2. Refit of site fraction ratios observed for SmPds, including one more datum at higher
temperature, and omitting one datum at lower temperatures that is not believed to have been on a sample

in thermal equilibrium. Replaces Fig. 17 in the thesis.
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3. Corrected table of activation enthalpies for site preferences of In probe atoms in RPd; phases obtained
from fits of site fraction ratios as a function of temperature. The way in which the site preference data
were fitted was not made explicit in the thesis. For consistency, we define as the relevant site-fraction

ratio the ratio of site fractions of In-probes on R and Pd sites, fg/ f,,, and assume it is thermally

activated according to

ff—R = Aexp(-Q/kgT), (A1)

Pd

in which Q is the site-preference activation enthalpy and A is a prefactor. Data sets shown in Figs. 24,
11(a), A1, A2, and 19 were fitted using Eq. Al, yielding the following table intended to replace Table 5
in the thesis. The new table includes revised values for Q, signs for Q consistent with eq. Al, and
prefactors A. Also included are separate fits for top and bottom data groups shown for EuPd; in Fig. 19.

Table Al. Fits of site fraction ratios fg / f,, as a function of temperature to Eq. Al for five RPd; phases.
For GdAl,, de / fAI . For Ga;Pds,with two inequivalent Ga-sites, the ratio is defined as f(Ga3)/f(Ga4).

Phase Q[eV] A # data points x
CePd; -0.69(10) 0.00006(7) 6 6.608  this work
PrPd; -0.53(10) 0.00014(19) 5 6.517 “
NdPd; -0.16(6) 0.023(17) 7 2.817 «“
SmPd; +0.08(4) 0.50(21) 5 9.189 “
EuPd; (top line) +0.12(1) 5.1(7) 7 0.518 «
EuPd; (lower line) +0.161(9) 6.5(9) 4 3.303 “«
EuPd; average +0.14(3) 6(2) «“
GdAl, -0.343(7) 0.001-0.01 [1]
Ga;Pd; -0.10(1) 0.4(2) 6 [2]

A revised and corrected version of Fig. 25 is given below in Fig. A3.

05 T T T T T T T T T T T T T T T
0.0 | i
S
O
(@4
051 .
_1.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. A3. Dependence of the site-fraction ratio activation enthalpy on atomic number in RPd; phases.
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Negative values of Q for Ce-, Pr- and NdPd; means that the rare-earth site is preferred by indium solutes

at low temperature.

4. Additional comments on jump-frequency activation enthalpies for In/Cd solutes in RPd; phases.

A revision of Fig. 32 that includes also data for CePd; is given below. Plotted is the jump frequency w,
assumed to be equal to the relaxation frequency A obtained from a fit of the quadrupole perturbation

function to an expression of the form

G, (t) = exp(—At)GS™™ (1).

(A2)

Shown in the figure below are Arrhenius plots for W= A for the five RPd; phases, replacing Fig. 32.
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Fig. A4. Arrhenius plots of jump-frequencies of In/Cd probe atoms in five RPd; phases.

Table 7 gave results for fits of the separate data sets to thermally activated expressions of the form

w=w, exp(—Q/kgT).

(A4)

Figure A5 shows how Q varies with atomic number.
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Fig. A5. Dependence on atomic number of the jJump-frequency activation enthalpy
for In/Cd probes in RPd; phases.

Figs. A3 and A5 show linear dependences of both site-preference and jump-frequency activation
enthalpies with atomic number. Fig. A6 shows a plot of jump-frequency activation enthalpies as a
function of lattice parameters. The lattice parameters in Fig. A6 are “out of order” with respect to atomic
numbers because Eu appears to have mixed +2 to +3 valence, giving EuPd; a larger lattice parameter than
for neighboring lanthanide elements (a graph of lattice parameters vs. atomic number is shown in Fig.
28(b)). As can be seen, the data have a more uniform trend when plotted vs. lattice parameter than when
plotted vs. atomic number.
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Fig. A6. Dependence on lattice parameter of the jump-frequency activation enthalpy
for In/Cd probes in RPd; phases.
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5. An overview of jump frequency behavior of Cd-solutes in rare-earth indides, stannides, gallides,
aluminides and palladides.

Figure A7 gives an overview of jump frequency behavior for In/Cd probes in five families of rare-earth
L1, phases RXj that have been studied to date, with X= In, Sn, Ga, Al and Pd. Plotted are inverse
temperatures at which jump frequencies reach 10 MHz, T, versus of lattice parameter. This type of plot
was first devised in a study of the indides [3] as a convenient way to summarize behaviors in a large
number of phases with a single characteristic quantity T, for each phase. A high value of ordinate

1/kgT,, implies a low jump-frequency activation enthalpy.
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Fig. A7. Inverse temperatures at which In/Cd solute atoms jumping on the X-sublattice
in RX3 phases are equal to 10 MHz. X-richer and X-poorer boundary
compositions are indicated by legends “A” and ““B” in the figure.

Several observations based on Fig. A7 are in order:

e Probes had a strong site preference for X-sites in X-poorer sample. For Pd, Al and Ga phases,
almost no probes were detectable on X-sites in X-richer samples. Probes still preferred X-sites in
X-richer indides and in LaSn; and CeSn;. There is no universal dependence on lattice parameter
that encompasses all phases.

e The trend to large values of 1/KgT,, for lightest and heaviest lanthanide indides was attributed to

crossover between two diffusion mechanisms in [3]. Note that jump frequencies are greater for
In-richer light lanthanide phases and for In-poorer heavy lanthanide phases.
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e In series of phases having the same element X, there is “lanthanide contraction” of the lattice
parameter along the series attributed to a general decrease in atomic volume of lanthanide atoms.

Within individual series, in particular the indides and palladides, values of 1/KyT,, have high

values for LaX; or CeX; and decrease monotonically along the lanthanide series. This is almost
certainly correlated with lanthanide contraction since there is a large volume mismatch between R
and X atoms for light lanthanides such as La and Ce that decreases along the series.

e A complete account of trends would need to take into account a large number of factors: volume
mismatches of R, X and Cd-probe atoms, effective formation enthalpies of X-vacancies, and
enthalpy barriers to jumps of Cd-probe atoms between neighboring sites on the X-sublattices.

6. Search for an underlying correlation between activation enthalpies for jump frequencies and site
preferences in the series CePd; to SmPd;, shown in Figs. A3 and AS.

Both activation enthalpies vary strongly with atomic number. Almost certainly, jumps on the Pd-
sublattice are mediated by Pd-vacancies, so that the jump frequency is proportional to the sublattice mole

fraction, [V, ]. At the same time, the transfer reaction of probe atoms between R- and Pd-sublattices can
be written as In; +Vpy <> I, +Vy, so that vacancy concentration [V, ] enters in analysis of either

property. This section outlines thermodynamic models for the two properties under the simplifying
assumption of a strictly stoichiometric composition for Pd-poorer samples. Some justification for this
assumption comes from values of the Pd-poorer boundary compositions appearing in Table 1, read
visually from published binary phase diagrams, that were almost all very close to 75 at.% Pd. While no
strong conclusions will be reached, it is thought useful to sketch the general approach.

For the site preference, the thermodynamic model can be based on the transfer reaction
Ing +Pd,y <> In,, + Pd; and developed using the law of mass action, leading to equilibrium constant

K = esllPdel _ oG, /K, T)= exp(_(g;f; gy +gr )/kBT), (AS5)

[zl 7

in which the brackets identify mole fractions of defects on their respective sublattices and the g’s are free
energies of formation of the defects. We used g;‘,’ =0 and [Pd,y]=1. The ratio of site fractions for an

RPd; compound is then given by [4]

~ [ing]
fog [INpy]

—1[Pd, Jexp(+ (g — 91" +95°) /KT ), (A6)

in which [Pdg] is the mole fraction of Pd-antisite atoms on the R-sublattice, either thermally activated or
as constitutional defects due to a deviation from stoichiometry,. Note the positive sign in the exponential.

A way to think of eq. A6 is that if Pdg were activated with an effective free energy ¢ FF;d , then

[Pd.]~exp(—gr® /kgT) and the site-fraction ratio reduces to fr/ foy =1/3exp(+(gp —ga)/ksT).
In that case, the activation enthalpy would simply be the difference in site energies of solutes.

Alternatively, starting from the transfer reaction In; +V,, <> In, +V;; leads to
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fo _ L] _ | V]
fag [Neg] V]

expl+ (9l — g +gY — gl ) /KeT) (A7)

Thermal activation of point defects can only occur in combinations that preserve the overall composition
of the sample. These are enumerated for the L1, structure in ref. [5], and include formation of an antisite-
pair, a Schottky defect combination, and five-defect, etc., defined in eqs. A8 below.

O_)PdR+RPd’ Kz :[AB][BA]:eXp(_GZ/kBT):eXp(_(gBA+g2)/kBT)7 (ABa)
03V, +Ve, K, =V, T [Vgl=exp(-G, /k,T) =exp(-(3g} + 0y )/ksT), (A8D)
04V, +Pd,, K, =[V,]'[As]1=exp(-G,/kyT)=exp(—(4g% +g2)/k,T). (A8c)

If all the G’s are very high except for one, so that only one defect combination is appreciably activated,
then the reactions such as in eqs. A8 become decoupled. For example, if only antisite pairs are thermally

activated, then [Ag]=[B,] and [A;]=exp(-G,/2k,T) and
f n n
= Lexpl+ (gl — 9" /K, T Jexp(~G, /2k,T) . (A9)
Pd

If only Schottky-defects are thermally activated, then [V,]=[Vy], [V,]=exp(-G,/4k,T) and, from
eq. A7,

f n n
B~ Lexpl+ (9l — gl +gY — 0Y%) /KT )| (A10)

de

Five-defects can be formed heuristically by transfer of A-atoms into B-vacancies, in which case

Al=3[Ag], sothat [V,]=3exp(—G,/5k,T).

A more likely scenario is one in which vacancies and antisite atoms form thermally. Let us assume that
antisite pairs and five-defects are thermally activated, but that antisite atoms are dominant, so that

[A;]1=[B,]=exp(-G, /2k;T). (A11)
Inserting eq. A11 into eq. A6 again leads to the very simple expression:
fo/ foq =1/3exp(+(Qpy — g )/ KeT).

Jump frequency trends. Trends shown in Fig. A5 or A6 are very systematic. A microscopic model is
now developed for an empirical expression for an activated jump frequency: W =W, exp(—Q/k;T).

For a vacancy diffusion mechanism, one can express the jump frequency of a diffusing atom as the
product of the vibrational frequency of the atom v,, vacancy mole fraction [Vp4], and probability that the
diffusing atom will overcome a migration enthalpy barrier E;, in a jump-attempt:
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W=V, [Vpy Jexp(—Epg /KgT). (A12)

At infinite temperature, the vacancy mole fraction and migration enthalpy factor are both of order 1, so
that W~ v,, or about 1 THz. This is consistent with the observed orders of magnitude of the fitted

prefactors shown in Table 7. If the composition is strictly stoichiometric, so that there are no structural
vacancies, for example, the vacancy concentration will be given by a thermally activated expression:

[\/Pd]; AeXp(_Eform /kBT) > (A13)
in which E,, is an effective vacancy formation enthalpy and A=1. Thus, the observed jump-frequency
activation enthalpy can be written as the sum Q= E  +E_. -

W=V, Aexp(—(E o + Epig )/ KgT) (Al14)

and the trend with lanthanide element may be due to changes in either or both of Eg,m and Eyig. For an
explicit expression, one can start from eq. A8c (dominant antisite defects + five defects),

K1/4 K1/4
5 ~

AT T (28 ~G)/8keT). (A15)
B

2

[Val

Inserting eq. A15 into eq. A12 leads to

W=, exp(~(2G, —G,) /8Ky T)exp(~Ep /ksT), W=, exp(_(%_&+ E

8 mig)/kBT)’ (A16)

or, finally, W= v, exp(—(gpy + mig) ! KgT)|. (A17)

gRPd _ggd +E
8

While they are not definitive representations for the site preference and jump frequency, let us consider
how eqs. A10 and A17 depend on defect energies. In both cases, the activation enthalpies become more
positive along the series from CePd; to SmPds;.

From Fig. A3, the site-fraction enthalpy increases from a large negative value for CePd; to a small
positive value for SmPd;. Possible reasons:

e The site energy difference g ,',T, -0 F'{n is negative, but becomes more positive along the series.

e The vacancy energy difference g\é - g\Ffd is negative, but becomes more positive along the series.

From Fig. A5, the jump-frequency activation enthalpy is small for CePd; and increases rapidly, becoming
large for SmPd; and EuPd;. Possible explanations along the series are that:

e The Pd-vacancy formation energy increases.
e The jump-barrier migration enthalpy increases.

.. . Pd R .
e The antisite-atom energy difference g5 — Jp, increases.

A8



A common feature of Eqs. A10 and A17 is that they both contain the factor eXp(— g‘gd /KT ) This may
explain in part the parallel increases in enthalpies with atomic number observed in Figs. A3 and A5,
because increases of g\éd along the series should lead to corresponding decreases in [Vpq].

While both Q’s increase with atomic number Z along the series, the rates of increase of the two Q’s differ
by a factor of two, with dQ /dZ =+0.15 eV for site-preferences (Fig. A3) and +0.36 eV for the jump

frequency (Fig. AS).

Although an increase in [Vpq] cannot by itself explain the magnitudes of the changes in Q’s, it is satisfying
that
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