








the crystal is changed from fully ordered to fully disordered.
This is consistent with calculations of the vibrational
spectrum for ordercd and disordered Cu,Au. The static dis-
placements for the partially ordered & = .80 crystal werc
also determined from the same experiments as the thermal
digplacements.,

An Binstein model wag developed to calculate thermal
¢ splacements and Einstein frequencies :om interatomic
potentials. The calculated thermal displacements are 10
to 20 percent " 28s than the experimenfal values. This ..
due to the simplifying assumptions in the wmodel. The model
calculation and the experimental results do agree on the
changes in the thermal displacemer with alloying. TI
Einstein model is also used to calculate the vibrational

entropy in alloys,
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providae fundamental information about the forces bhotween
atoms in solids. NAs will be discussed in Chapter IV, the
therinal displacenents at high temperatures n be related
to the interatomic force constants. When combined with
lattice models such as those of Iinstein or Debye, the
thermal displacenents can be utilized to determine or Lo
test interatomic erce constants. Thus, the thermal dis-

rcements will reveal how e interatomic forces arc
changing with alloying and with changes in degrce of order.
Tr i one of the mmec ate uses of the data from this
experimental program. The measured thermal displacements
will be compared with those calculated from an Einstein
model of the alloy. The interatomic potentials were
obtained from a cellular model for alloys devcloped by
Bolsaitis and Skolr ck (1968). This subject will be digs-
cussed in more detail la' r in the text.

The data on the thermal displacements was also

used to calculate the vibrational entropy in Cu-Au alloys.
In the alloy model proposcd by Bolsaitis and Skolnick,

certain parameters must be determined by a minimization

of the Gibbs free energy. v rational entropy
(Svib) can be calculat 1 in tl Einstein appro ' nation

from the reclation

th hvE/kT
< = =3l [ 1~exp (———5) ] - : .
Svib 30k (ln[l-exp( kT)J v ; [1.3]
exp(~ww)~lj

which was presented by Born and Huang (1955), where Vo
is the Iinstein frcquency. The Einstein frequency was

calcu. ted with potentials derived from the cell model



and thesce results will be checked by experinent. Dxperimental

values of Vi can bc obtained from the Debye frequency (vM)
as (¢ scussced by Blackman (1937) where the relationship
v, = _;va [1.4]
) /§ .

was derived. The Debye frequency is obtained directly from

the Debye tewperaturce O, through the equation

M
. ” .
/L_\)M AGM . [".5]
Egqually important data can come from the thermal dis-
placer 1ts by applying the Debye lattice theory. Ti © 7
Debye temperature (OM) can bhe determined from the thermal
displacements through the relation
3 h* T 0 ]
M M
by = ¢ (—) + — ) [1.6]
rémk U * T 47
s
QN
where ¢(-J) is defined in equation [1.56] of this text.

7
SM is a parameter which can be utilized in calculating many
thermodynamic prory rcties of solids which have not been pre
viously investigated. GM is of value because thermodynamic
properties can be calculated by integrations over the fre-
guency spectrum. Thus macroscopic properties are not depen-
dent on the 7 e cructuw : : , but or” 1

the integral over the spectrum. As shown by Blackman (1955),

the Debye-Waller factor (M)} is an inverse second momer  of

the vibration oncro (”)[ ) over the freaquency spoectium:
' vLy : S

) .
¢ ( . B
M o= 2 sin” 0 > E(v) ' (1.71]

3N N v oov?




where v is the vibration frequency of the gth mode, IV is
the number of unit cells in the lattice, 6 is the Bragg
diffraction angle, 2 the X-ray wave length, and m is the
atomic mass. If we substitute a Debye spectrum for the
real spectrun, a maximum frequency v, can be chosen that
will give the same inverse second moment as the real spec—

trum. The X-ray Debye temperature is then given by

th = k@M . [1.8]

The value of OM can be used to calculate other properties
at the same temperature which are deﬁendent upon the in-
verse sccond moment of the 1 =2quency distribut  bn.

A litt = care must be exercised in applying the X-ray
Debye temperature to tl solution of problems. The Debye
temperature is not independent of te rerature, thus the
value for OM determined at room temperature must be cor—v
rected to be applied at other temperatures. Also, care
must be exercised in using OM to calculate other properties
which depend upon the frequency distribution in a different
manner than the Debye—Wallef factor. Blackman (1955) has
discussed the depcendence of thermodynamic properties on
different moments over the frequ 1icy spectrum.

Provided one is aware ¢~ these limitations
application ¢ X-ray Debye temperatures, the value of OM
can be uscd to obtain approximate information on many pro-
pertbicos related to the Debye temperature. Blackman (1955)
has reviewed gome of these relationships. The compressibility

¢ has been related to a Debye temperature by I astein (1911):
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lattice site. Using the algcebraic cxpansion:

Li%»w H? (l"%ﬁ”) = CXpP ~Li%+w % jgzl a, [1.28]
equation [1.27] can be written as
i (l—%]{-Uqlz):e>:p»%.2J{-Uqlz . [1.29]
q q
1¢ Debye-Waller factor (ML) can now be written :
Moo= 2 K-Uql2 . [1.30]

To evaluate the Debye-Waller factor tI amplituc of
vibration must be expressed in tefms of the vibrational
energy. The Virial Theorem states that for a harmonic oscil-
lator n1e total energy () is cqual to twice the average
kinetic energy and that the average kinetic ¢ jy is equal
to the average potential energy. Thus, we can write for

one polarization

1k

&=
it
=
3

=N X ml& |
q

voomow® U |®, [~.31]
q q q

where mq i the angular frequency of the gth mode. In the
last sten the average kinetic and potential energy wer

equalad Lo gl o

o

|§J |2:.—I—"~€ g% = wrlu |2, [1.32]
q mooq q' q

where 70 is tlie atomic force mstant.
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and multiplying by the density of modes in reciprocal spaco.
The dens -y of modes is given by the number of modes in the
zone N divided by the volume of the zone 8u°/u’® where o

is the volume of the zone, 1.e.

N oa’® 1
Density = = - . [1.47]
g g’

The crystael will be chogsen to have a unit volume and the
summation changed to an integral so tb - equation [1.46] is

rewritten as

& (n +%f) ' '
Moo= s SIS 4= g [1.48]
L 2mi o v w q
q q
Changing to spherical coordir which are mox Jeiae])

riate to the Debye model, we obtain

Ty (7 +3
K2w ‘ v
ML = ~‘2'“7/’1/‘./ .é‘:[-]%?//‘ ~‘%-2—— 4’”-(126&1 ’ [L.491
q

@]

Using equations [1.41] and [1.43], the variable of integra-

tion can be changed to w:

W

Mo(n - )
K*h 1 oo s _
e o s — - . 1.50
M = owm 8'1T5f w s Ay Plw)dw [ ]
o q
The wc ¢ the Debye sphere qus) is equal to the nuw
ber of states in it (V) divic 1 by the density of ¢ :cs
1
("é‘f”_j) .
S 3= opagt 1.51
" 8 [ ]

Incorporating the ~2bye spectrum from cquation [1.43] ML
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TADLE 1.2

ROOM TEMPEDRATURE TIHRRMAL DISPLACHEMENTS
I Cu3hu CRYSTLLLS

/2 1/2
5 T (777 thor
- <;3,>Cu s /nu puthor
. 80 .093 A .069 & Chipman (1956)
.94 .088 .068 “linn (1260)
1.00 .095 .082 chwartz (1965)

1.00 .099 .084 Gehlen (1969)



Flinn investigated a 5 = 0.94 crystal, and tl dependence
of the thermal displacements on the degree of orxder is not
clearly undcrstood. NAlso in partially ordered crystals,
the technigue used by Flinn regults in the ¢ atic digsplace-
ments contributing to the Debye-Waller factor as is discussced
in secticon 2.5. Chipman (1956) also studied a partially
oxrc -ed Cu, hu cryst ~ (5=0.8) by this same techniquc and no
correction was made for ¢ tic displacements. Chipman did
not crystal monochromate the Mo Ku radiation, and he did
not make any erm: diffuse scattering correction. For
these reasons Chipman's data is questionable,
No study hag been made of the effects of the degree

of order on the thermal displacements. The evaluation of
the vibrational entropy changes with ordering is an impor-
tant part of the present study. 2Also, the thermal displace-
ments will provide data on the changes in the interatomic
force constants during ordering. The directional dependence
of the thermal displacements was also investigated as a

inction of the degree of ofder. In the paét it has been
assumed that the thermal displacements of all cubic crystals
v re isotropic. This has been demonstrated for primitive
monatomic cubic lattices as is discussed in Maradudin ct.al.
(1963). This assumption cannot be extended to ordered Cu,bu

lattice; although, this is not generally recognized.
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microns and the furnace travel was approximately 1/2 inch
per hour. An etch was used to check the monocrystallinity
of the prepared crystals. An agua regia etch was used for
the 80 at.% Au- 20 at.% Cu crystal and a solution of 50ml.
distilled water, 50 ml. HHO and 0.bgm ZLgNO3 was ugsnd for
the other alloys. 'The crystal was then mounted on a brass
rod with Duco cement, a 1 oriented on a Norelco X-ray unit
by the Lauc back reflection method. etals escarch
Scervomet spurk cutter with a cont auously fed opper v 2
v used to cut the ¢ ysta s o regtangl specinens
with sides (110), (110}, and (001) to within 1° of the
[110]. TFor the annealing treatment the crystals were then
placed in a closed graphite mold or packed in graphite
chips, placed in a Vycor tube and evacuated to 1 x lOH7
mic ons before sealing off. The annealing schedule is
shown in Table 2.1.
.3 _pment

A General Electric XRD-6 ¥X-ray diffractometer was the
basic instrument used in these experiments. A schematic
of the experiment setup is shown in Figure 2.1. The beam
from the X-ray tube was & »mated with a doubly bent

LiT crystal which was set to diffract the Ku - Ka doublet.
1 2

The specimen holder was mounted on a special € n " on
attachment (model #A7018AC from LElectronics & Alloye, Inc.)
The X-ray detection system was scelected for low noiso

and high stability. The detector for Cu Ku radiation was
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comparing it to published data of composition versus latlbice
parameter or the Cu-Au. The homogeneity was determined by
measuring the lattice pavamclter at several locations along
the crystal face.

The procedurce for measuring the lattice parameler was
similar to thal discusscd by Schwartz zt.al. (1964). The
crystal was mountced on a goniometer (BElectronics and Alloys,
Inc. Model #63-12-CM). he goniometc a. Hwed X, and 2
translation and ¥y rotation. These motlions are zhown in
Figure ~.2. x is rotation about the Y axis. 0 rotation
about the 2 axis was provided by a épecial goniometer
(Electronics and Alloys, Inc. Modél #A7018AGC) which permit-
ted cotting O to about 0.002°.

To obtain accurate lattice paramcters proper alignment
of the diffractometer is necessary. The »>llowing technique
assured the the X-ray beam, the sample fac , the ar 3 of
rotation of the goniometer, and the slits werc all colli-

1 ar when 0 was set at 0°. The axis of rotation of the
goniomzter was considerced as fixed, and the X-ray tube and
detector slits were aligned collinear to the gonlometer
axis. This was made po¢ "Hle by hand operated screws on

e X-ray tube hous g tF L p1 sided X and ¥ motion for
the X-ray tube. The steps in the alignuent are as follows:
A. Make he X-ray becam pass over the axis of rotation of

Ll ol onee oo,

1
gl

1 steps NeCoons s, Lo acittuve Lhla

are:



[7IRE 2.

SAMPLI

b 0
p — /1
| ¥
y
DEGREI  OF FREEDOM FOR TIE
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If this is not the case, then the X-ray beam must
be moved in the direction of the axis of the gonio-
meter with the X and Y motion provided by hand
screws on the X-ray tube housing. The amount and
dircction of movement can be estimated from the
intensity i.c., move the tube to change the in-
tensity by ) ¢ scent of the difference between
what the intensity : ding v 3 and what it should
have been. Then repeat steps 1, 2, and 3 above
until the intensity ¢ 2s not change after 180°
rotation of the crystal. When this condition is
satisfied the X-re-- beam‘is passing over the cen-

ter of the axis of rotation of the gonioneter.

Make the aperture used for the lattice parameter mea-
surcment symmetric about the zero angle beam. At this
point of the alignment procedure apertures were placed
on the detector. The goniometer was set at plus and
minus 0.2° from zero degrees. The aperture is centered
on the zero beam when equal intensities are obtained

on either side of zero degrees. If further adjustment
i req "1 1 several techniques may be used. Usually
there was enough tolerance in the holes c. the aper-
ture plates that they could be adjusted and reset

with thickness gauges. At times it was necessary to
put shims= behind the aperture holder. It is iwportant
to note that the particular aperture to be used for
lattice parameter ﬁcasuromonts must be used in the align-

ment, s cach aperture is sct slightly differant.



To determine accurate lattice parawcters, the
crystal must be properly aligned in the diffractometcer.
First the crystal is put at the center of the X-ray becan
and aligned parallel to the zero angle X-ray beam as

described in A.1 and A.2 above. The goniometer is then

put to tho expcclted Bragg diffraction anyle. DBecause
crystal pla re ger cally not exactly parallel
to the crystul face, it :cessary to change yx  d

{0 to obtain the approximate peak maximum. A specific
procedure was then usc ™ to precisely align x and 2
to the proper values. First y was set by noting the
angles at which the intensity‘was 3/4 of the maximum
intensity on either side of the peak. An integration
time on the scalar of ten seconds was used to accurately
determine the equal intensity positions on either side
of the peak. The proper angle is the mean of the angles
at the two equal intensity positions. The proper 28
position is found by a similar technique, but & has to
be adjusted to a peak value in the process for each
equal intensity position on the 20 scale. If a parti-
cr ar value ¢ & set, "3 uld : peaked, but 1less
20 is at exactly the correct value, a false pealk would
be obtained. DBut if 20 is peaked for each { position
then the true maximum results. Once the true 20 maxi-
muw Lo found, then O can be selb in tho Ziowe way as x.

A H-20 scan was used to obtain the lattice para-

meter. The digital rate meter was used in the one sccond









X~RAY

> i i i 1 1 »
%OWPOSltlon in atomic percent, lattice parameter in
Lngstroms, and density in grams per centimeter
Uncertainties in the density are due to

Cubed,

TABLE 2.2

BNALYSTS

or

Cu—-Au ALLOYS

assuming a one percent accuracy in the atomic com-

POsitions.

SAMPLE
91Cu-09au () *
CU3AU(S = 0.0)

CuzAU(S

il

0.53)
Cusau(s = g.¢ )

Cuy2u(s

it

.98)
80Au~20cy

Lip

L. After heat treatment (a)

COMPOSTITTON
FLUCTUATIONS
IN PERCENT

.180
.140
.130
.077
. 100

. 300

3.
3.
3.
3.
3.
3.

4.

LATTICE
PARAMETIER

6585

7488

7426
9987

0270

38

DENSITY
10.00 = .01
12.13 + .17
12.17 = .17
12.20 + .17
12, 5 "
17.70 + .14

the lattice parameter of this

crystal was 3.6623A (see Table 2.1)









TABLE 2.3
rop THE DEPERMTNATTON OoF 4

fad

EXPERI MG AL VALULS
RESULT AN oy v ] -
P 300 400 I300 400
.98 . 18 L177 14839 7779
.80 .078 L1203 13051 92038
.53 072 .142 g571 137922
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follows. The sample was clamped in a cryostot and then the
diffractometer was aligned the same as for lattice parameter

measurements. I and J ., the total integrated intensitics,

kv
iy

were rcecovdod at bolh room Lemporature and ligquid nitrogoen
temperature.  The intensities were then corrected for con-
stant background and for thermal diffuse scattering with

d Katz (1969). Table 2.3 shows

the technigus of Skalton an

the resultant intensities, M values, and 5.

2.. Introduction to meosarenent of thermal displacements
in Cu-hu alloys
The main objective of the eprmecn al part of thi

stu 7 was to determine the mean square therinal displacements

in Cu v disocceroed alloys.  The roelationshilp of Ul thieohas
displacenents to the intensity of X-rays diffracted from a
crystal is presented in James (1948). The ratio of the

cnoity T, measw 1 with tt  atoms at rest to the inten-

sity I, measured at some temperature T ig given by

II/IO = exp -2M , [2.3]
where 24 is the Debyc Je™ "¢ stor. M can be expressed in
terms of the mean square the al displacenen in e
s d’ =ction by

9 ==y, S . 2.4
U TR %11—1) [2.4]

It is impossible to measure L, directly because the atoms
cannot Lo comploetely inwobilized, but I, can be eliminataod

by taking the log of the ratio of the intensily weasurcmonts

at two toenperaturces:
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If we ascume that the bebyve model is valid we can write

v ;

bEi dv .
o T Yy [2.9]
M :

From the relationship

},»,\)M = k0 ’ [2.10]

M

equation [2.9) can be rewritten ag

a0, r
_bﬂ o VK . [2.1L]
M

The coefficient of linear expansion is written as
11 dV
= 5 e . 2.12
¢ =3V AT [ ]
Thercefore, equation [2.11] can be rewritten as,

dGM

eM

= 3oydl . : [2.13]

le temperature is " nged from 7, to 7,, upon integra-

Lon the result is

0, (7s) o, (T2)
L “£L7;i“ = 1- gﬁjﬂ”j = 3oy (T,-71) [2.14]
ox
i " _“N T ”"T -
0,0 = 0, () [1 vy (T2=14) ] [2.15]

M

This ig e same ~sult obtained by Owen and Williams (1947).
D) - cLiivz — o

m o I “ E < o
Ihig nuher of variables to one, 1 I

reduces the

b Comperature.
bye Cornperature at room cemperature
Subrotituiing PQuutiOMS [2.15], [2.6] and [2.7] into
Cation [2.r 6 (1) can be solved for:

T
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The Debye-Waller factor (A) has both thermal (//[/
1n

) components.  After Huang (1947) M can be

)

and static (M,
12 L

written as

o= SR . [2.17]

i 5t
laking the log of the intensity ratio at two temperaturcs

as in equation [2.5] results in

I, [
e T - It ] r/vo o i m — i ks ]
Ln 7, - \LTH(Jl) JTh(ﬂh) 2 hst(fl) Lgt(Jz).[Zvlo]
2

M can be cupressed in texms of a static displacement analo-
gous to the thermal displacements in equation [2.6]. The
static displacoments can be assumed to be nearly indey dent
of temperature, thus the Secogd term on the right-hand side

el

of equation [2.18) is very small in comparison to the first
term and can be disrcgarded. Thus, the measurement of in-
tensitics at two i nperatures eliminates the static dig-

Placementsy ¥ will be used as the Debyce~Waller factor for

thermal displacements in the remainder of the text.

2.7 Expcerimental techniques for the measurement of thermal

displacemeonts by the two tempe ature method

. . . PR £ D - Ty @ ) 11 o -
The intensitics were measured on the XRD-6 diffract

Metor descriled in scction 2.3. The addition of a cryostat

which moun ted dircectly on the special v motion goniometer

allowed wmepeurcment of the intensity at various tempera-
- s UL UG - - -

turag Pigure 2.4 shows & schematic of the model CI-36

CIrveyee . : R vogenic Associates.  The rec-
LYOStal manulactured bY Cryogenic Associatos Ihe rec

Mgul s Samplos Wore clamped in a split copper block, this
el Guo § 2 I C el A
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assurced intimate thermal contact with the upper block which
was in contact with the coolant{ The cylindrical Cu crystal
was clampoed by a sct screw for intimatce thermal contact in
a hole machinced to a slip £it in a copper block. The liqguid
nitrogen coclant was forced by the pressure of its own gas
througly a swall vent tube. The tube passed through the
copper biloolk and oul to the vent valve. Tl vent v " ve has
a micromstocr dial which allows precise regulation of the
vent aperture gize. Control of the flow rate permitted

temperature control of the specimen which was located in

the evacuated chamber.

rr

The temperature sensor was mounted in tt  copper I
of t e cryostat. Temperatules ranging from room temperature
to 4.2OK were measured with a platinum resigtance sensor

model £146 ar? serial #3520 made by Rosemount Engineering

Company The circuit shown in Figure 2.5 was bullt to mea-
Sure the senseor resistance. The basic concept of the cir-

Cuit is to measure the voltage drop across a known resistance

; . - Fhe curre 1 > circul: ¢ 5¢
(X,) . In this manner the current in the circuit can be

determined Then measuring the voltage ¢ »p :cross the

36 . ~n el alance Clig ] SOY, ~ resis-
Sensor yesults in the resistance of the sensox The resis

s | 2 - h4 ey T Ay
tancey (H?) are shown in rable 2.4. The voltages were read

On a Leads & Northrup 8086 potentiometer, its sensitivity
PR N ) ~ N . IS :

. O e
being £0.05my rosuliing in @ waximun error of 127K for the

Loy nlt on the platinum sensorx. This error

Perature moagurene

is o o L« ip the analysis of the results. Both
aken jnto account 1D
the d low temperature measurcnents were

room temperature ap
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TABLL 2.4

RESTSTANCED (/}‘?)7’r IW TEMPIDRATURE SENSTHG
' CLRCUILT

10,000.02 ohms
2. 1,000.035

. 100.0

~—

4. 10.009

*As determined on a Fluke Bridge.
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made with the sample located in the cryostat. The X-ray
tubce and reccording claectronics were turned on and allowed
to equilibrate for twenty-four hours before any mecasuro-—
ments woere mado.

Alignment of the specimen in the creyostat was somnewhat
difficult becausc tho specinen was in vacuum, and not ob-
servablc through the peryllium window. Prior to usce with

¢ cryostat, the di fractomcter was aligned as described

for the measurcwent of lattice paramete: in section 2.4.

™~

(

A ¢ eck was then ma > to assure that the beam would hit
approxzimately the center of the crystal. This was accom-
plished by wrapplng a picce of X—fay film inside two layers
of black papcr and referencing the top edge of the film
with the upper edgye gf the copper block. With the film
taped in place the cryostat was aligned in the X-ray beamn.
The exposure on the film caused by the X-ray beam could
then be comparcd with the specimen location.

Afte the preliminary alignment of the cryostat was
accomplished the sample was clamped in the cryostat.
The crystal was positioned in the center of the beam,

Lgned parallel to the beam, d adjusted for maximum

diffrac .on intensity asg described in section 2.4. The
peal 20 was noted for later cowparison with the 3 peak
at low temperaturoes,

)
L L wan Jli‘L;’Jr_! dlree Antars L e Lihe 4 sliuvs

-
{

, WO . g i
woere usced.  The 27 slits accepted the entire dilfracted

: . . . .0 .
beam, and this was choecked by removing the 27 slits and
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noting that the only change was thalb which might be exprctoed
from the haclground. The peak was roughly outlined by point
counting on either side of the peak. This permitted evalua-
tion of the limits Lor the peak scan and the locations where
the congtant backoronnd should be read.

The integrated intensity was determined by a continuous
scan across the peak, while all of the counts were stored in
the digital ratocmcter.,  The total int grated ' fensity was
then displayced visually and recorded on a  :letype. The

ame pealk was scanned sever:  times to check that the value
was reproducible. Only the highest order peaks we @ use p
obtain the expcrimental dota reported here, but the lower
order peaks provided checks on the experiment being done
properly. DBguation [2.4] shows that high order peaks have a
larger M, so that the effect on I is larger for ese peaks.

The followving procedure was used to cool the cryostat
to liguid nitrogen tempcratures. The center coolant con-

1 “1er and the vent line were flushed with helium gas. After
flushing the vent line, a piece of tape was put over the

vent exit to keep watcer vapor from condensing in the line
above the micrometer valve. Tor filling liguid N, into
either thc jacket or the center chamnber, 1t v convenient

to usec a small styrofoanm container with a 3/8" diametcr
stainless stecl tube epoxied in the botbLom. This provided

an insulatoed funmel that could be filled and Left until

the cryostat was [illed. Once the cryostat was filled

the vent could be openced to cool the sample. It took about

thrce hours to cool from room temperature to liquid nitrogen
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temporature.  When the sample was at liguid nitrogen tempoerature
the alignment proccedurce discussoed above was repcated.  This
was necessary because thermal contraction cauvsed the samplce
to wove inside Lthe chamber.  The intensitics were then re-
corded ail liqguid N, temperature.

The sanples studied by this technique and the results
from the cxperiwents are discussed in section 3.1. It should
be noted that the surfaces of the crystals were abraded with
600 grit silicon carbide paper to minimize e effects of
extincltion. The intensities were corrected for constant
background and for thermal diffuse background by the t :h-

nigque of Skelton and Katz (1969) as discussed in Appendix A.

2.8 Determination of thermal displacencuts by Flinn's

technique

A technique for mecasuring Debye temperatures has been
developed by Flinn (1961) which does not require any assumb~
tion about the temperature dependence of the Debye temy rature.
This technigue is based on the measurement of the diffracted
intensity at two temperatures as discussed in section 2.6.
The eguation rclating the intensities at two temperatures
is simplified if the low temperature approaches zero degrees
Kelvin.

The ratio of diffracted intensities at two temperatures
was givel in cguation [2.5]1. The Debye-Waller factor (M) can
be relalod to bthoe Debyo tenperaturoe (Uﬁ]) through ecquaktion

[1.58] which can be rewritten in the wore convenicenlt form:



" [2.19]
Igi
ren - 6" GBIV and o o= 4. /7
/) Nl ) , and o o= )py/l .
By subotitubing cquation [2.19] into cquation [2.5] the
resuliing logarithm of the intensity ratio is
gy AATR) Ao (ry)  fele) L
v y <T1) 2()[4(,'./,‘()_) X 4
=1,
AGZ (g ¢ ey 1
+ =2 = ST = . .
26, {1 v 4 [2.20]
M
=T
By rearvranging terns this can be rewritten as
Ln L&gl/_L = - 4 o? (T?)__ ¢ () Ozjll_ )_ QLLL)
AL 2 7 o A 4
() 2 E ey, R =
L Lozt o))
( T' F m - _!.
20, (T, 7 5, () : [2.21)
The last

{
)M

neitchoer

or ¢ change appreciably with tempe:?

term in the above equation is nearly zero because

ture.  This

toerm is about one percent of the second term at liguid heliuvm

toemperature, and even 9

les

fiysit teow approaches zoevo

/ASH QN

first term also can be nceglected in comparison to the second

Thus at liguid heliw

at highcr temperatures. The

a= the tomporature apy daches
i ' I s 0 [N

b Lemperature (I = 4.27X) tho
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[

term. Dven for temporatures as high as one tenth of the

W2

Debye tempoerature thewr 12 only a once porcent error in

neglecking the firgst Losym.  This simplificotion reduces

the nubero of unknowns to one in the equation for the

intencity ratio, thus 0 (7)) can be solved directly from

the rolabionship:
) - T' 20N N i
» [LE_;; - Ao” IS [2.22]

W pa
]\4\ 1/

To solve for QM(Tl) an itecrative proéess is required be-
cause ¢(x) 1s a function of OM(Tl), but the convergence to
a value of OM(TI) is rapid. The computer program for this
data rcecduction ie presented in Appendix C.

The cxperimental techniques for this measurement were
basgsically the same as those discussed in gection 2.7, exX-

cept that He was used as the cooling fluid instead of N, .

An evacuated transfer tube was used to fill the cryostat
with IHe. The dewar was flushed with room temperature le

gas and precooled by keceping the nitrogen cap filled for
twelve hours before the t insfer. The platinum resistor
. . 0 .
was only calibrated down to 26 K where the resistance we
11.6 ohm. Unlecss otherwise reported the resistance was
less than one ohm at the experiment tenperature, indicating
.0 ! :
that the temperatare vas close Lo 57K, The rosolts Trom

these exper linenis are discussed in Chapter 141,
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For a Cu, /v gupcclattice reflection JI'7 is given by:

2 —[4/1
s I (f/}T////\B) “ (‘//1+1A/1) o X

-1
O . L o S A
{Uz; i) - Jymtl e J

' 14 12 ~M -y 2
n " 5 X i :
o7 [(Jhc - [ A) - (A Le Z—Aﬂe A) }. [2.31]

Using equation [2.27] again, we can write

. (,21~2M r o 2 A 2

reeo= Se [(]B F7 o+ (ay~=0))
o2 2 2 2 . : |
(L, 0 )} 2¢ . [2.32]

Introducing the abbroesiation:

(f»)z_l_A‘)z) ~ (f|2+A 2)
g = L L? A ) [2.33]

X A 2

and making the approximation 1 + 2g¢ = exp[2ge] equation

[2.32] can bec rewritten as:

S o 2 2 —-2([‘4-(.]6) 4

Pt =g [(fb, L+ (by=b,) 1 e . [2.34]
Thus we obtain the rc " at the Debye-Waller factor

as determined in section 2.6 - 2.7 has the form M-y roa

fundamental reflection and M-ge for a superlattice reflec-

tion. DBy determining the Debye-Waller factor for a funda-
mental and a superlattice roeflection, I and ¢ can hr dotermined.
The thormal displacements of the Ca and Au atoms can then be

calculated Tfrow MCu and MAu through equation [2.4].



2.10 Determination of thermal displacemonts in ordered

Cu,Mu crystals by the one temperature technique

The technigque in this experiment was basically that

[

used by Chipman (1956). This technigque allows determina-
tion of the thoerwal disnlacoments of the individual Cu and
Au atoms in fully ovdered crystals. The experiwment requlres
measuring fundamental and superlattice integrated intensi-
‘tiea for as r 1y reflections as are possible on a crystal
face. The intensities are recorded and corrected for con-
stant and thermal dif use background as discussed in section
2.7.

The equipnent used for this type of measurement was
the same as discussed in section 2.3 except that: a silver
X~ray tube was substituted for the copper tube, a Nal
scintillator was the detector, and the crystal was mounted
on a goniomoter.

The integrated intensity of a fundamental reflection
(1

F) for Cu,ru is given by

-M - \?
I.,=1% {3f ¢ Y4 g o B .
]_41 = o Cu Au p ' [ 2 . 3 2 ]

and for a superlattice reflection

f -1 - 2

: pe2 e hAu o Cu 2 36
o o \jAuﬁ Teu® Lp ) [2.30]

Phie Lorents policivation rackbor (L) was deflned in cqualion

1%
[2.2). The Mo andl ]'fi"]\u in thesce eguations contain both
the M/’h due to thermal vibrations and the /‘bZ due to static

displacements (uang digltortion). This subjoect was Al scussad



in zcction 2.6, Tor conpletely ordered crystals the Huang

distortion should be ncgligible, but for partially ordercd

crystals the prescence ofﬂ;T has to be considered. The
scalLtering fTactors fCu and fAu were corrccted for ancmalous

dispersion with the values

of Cromerxy

(1965)

ML = L 3g A= +.91
Cu

' "’ = — G “+6

V. .90 b, +6.24

The value of the high er rgy Scatte;ing factors, fgu and
qu were taken from the relativistic Hartree-Fock cw.cul
tion of Doyle and Turner (1968).

By taking the square root of cquations [2.35] and [2.36]

~

y sum

w

and then talin

U

and differences

of these

equations:

'—[];/ - -%:— Jf_;)v_ . "A’[Cu )
S Vi e , [2.371
4'," at
Jeu' P
and
VI, + 2 T, =My
S Vi e ° . [2.38]
4..‘ /
jAu Lp
Lxcept for 5, all of the values on the left-hand
these equations arc either measured directly (IF and I.)
. - A 2
or independently calculated (F, LZ). Values of were de-
)

Eormined Jvy o otho s e

eoyibied i

section 2.5.  Dach of the above cquations contains the De-
bye-Waller factor (/) for only one type of atom. M can
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be eupregascd ag

. - 2 P N 2
v 2T s1inf o eAann
Mo=ogutu t (B =5 6 )
o \ A

Taking thae logarithu of edquations [2.37] and [2.38] rosults

in two cquaiions of the forn
sing, ”
Lin (Lo 1.0 Il + B (:_—A_;_) . [2.39]
A graph ¢ o T oft-hand side of equation [2.39] versus
_(;11'\(! 2 . B . . .
(= > s oo straight-line with a slope of I and an inter-
ras

cept of VI. From the slopes of the lines the thermal dis-
placcments of the individual Cu and Au atoms can be determined.
Initially the Thomas~Fermi~Dirac scattering factors listed |
in the International Crvstal. raphic Tables (1955) were

used, but these scattering factors would not produce the

. . . sin® .
straight-lines at high 1¥X~— 1al are required to mecasure

the therm: displacements. This problem was not encountered
once Doyle and Turner's scattering factors were used.
Becauszce this technigque results in the sum of the ther-
mal and static displacements, it provides a technique for
evaluating the static digplacements. As has been noted by
Huang (1947) the static displacements result in an ef ¢t
exactly analogous to therm © displacements. Thus, the re-
sultant displacoment determined by this experimer  is Ul

S

——0 R

U0 (Lherwal) + 177 (atatic).

(thrermal) i1g then cevaluated by the two temperalbure

technique, the difference is the static displacements. The



statle displaecewsuts in partial y ordered Cu, Mu crystals
wWere evaluated by this technicque. The results of all

the above experiments are discussed in section 3.2

2.11 Scparation of thermal displacements of constituent
atoms in disorderced alloys

It would boe desirable to be able to measure the thermal

displacements of the individual constituent atoms in a dis-—
ordered ¢ Ly. This would pe 1t a more realistic evalual )

of the vibrational entropy in an alloy. Also, this data
would provide more direct information concerning the forc
fields around individual atoms, rather than the average

force 77 :ld around an avceragoe atom. One attémpt at separating
the individual thermal displacements in disordercd alloys

as becn made by Zviagina and Inveronova (1960). Thelr

O]

analysis requires mecasuring the diffracted intensity I for
two reflections 7 (1) and 7(2) which preferably have signi-
ficantly different valucs of sin0/A. TFor a fundamental peak

in a FCC <colid solution .7(1) and ,](2) can be expreg;_ged as

/'."'“’—¥ = /]_ a ’ 3y L/ o~ f S sy —
vI(l) 4V (.,AJA(L) exp-k (1) + J_,Bfﬁ(l) CHpP fB(l))

X v 1), [2.40]

&

Vi (2) = 4y (w4f4(2) exy 4,(2) + meA(2) exp-ii

i

X Vi (2) . [2.41]
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separation of the /4 and £ displacements with such a variation
in one of the constituents. Another difficulty with this ex-
periment is that it only provides a true value of thermal
digplacements for very dilute allovs and ¢ dered structurcs
closc to stoichiometry. At other compositions, such as con-
centrated solid solutions the Huang scatter due to static
displacemncnts aloo enters into M oas determined by this tech-
nicgue.

-t we& suggested by Dr. L. Skc ™ ick that a sey ation
of thermal displacements might be made with the use of anoma
lous dispersion. The approach would be to use Ku d KE
radiation close to the absorption cdge of one of the consti-
tuents of the alloy. An <zamp”™ would be to measure the
Debye-Waller factor in a Cu-Au alloy with Cuk | and CuKB
radiation. DBecause of anomalous dispersion the scattering
factor of Cu for CuKu is different than for CuKB. But the

scatter 19 factor of Au for CuKd and CuK, is essentially

B

the same. Because of the difference in scattering factors

in Cu it might be possible to take differences of the ther-

mal displacements to isolate the Cu thermal displacements.
Warren (1969) he presented the formalism for analyzing

this problem. As was shown in section 2.9, the structu

factor for a fundamental reflection from a face cente 2d cubic

disordcerced alloy of composition a

a1 g, 1S glven by
r ? 2

et =16 P L ST O o a Q= 20
o Lo [})AJA 7/_JJ/J) * (YCuACu+1AuAAu) exp









CHAPTER TIII

RESULTS AID DISCUSS5TON

3.1 Digsordered Cu-Au alloys

The obiective of this rescarch was to determine the
cguilibrium valuecs of the thermal displacements in Cu-Au
disordercd alloys. The results of this experiment are shown
in Table 3.1. To cowpare this data w :h the thermal dis-
placements in the literature (prco :nted in Table 1.1) Debye
temperatures reported in the literature werce converted to
thermal digplacements using equation [1.65]. The first
crystal studied was pure Cu Lo test experimental technicues.
The (220) reflcction was used for this study. The result
of .081A for the R.M.S. thermal displacement agrees quite
well with the valucs of .0812 by Flinn ( 960) and L0824
by Webb (1962). Therc have been other values reported such
as .085A by Webb (1962), but most of the data clusters
around .08LA. Paszagalia (1955) also obtained .081A from
data on the electrical resistance Debye temperature of Cu.
At the .91Cu-.09%ru (a) composition the value of .090A is
a little higher than .08GA for .92Cu~.08Au by Webb. These
two results do agree within the experimental error of
i.OO?X. DBoth the .91Cu-.09Au (a) crystal of this work and
Bl 02000 00mn crpetal ol ekt we e anenled b Liied
Cenporatures and quiclkiy brought to room temperature. Re-
cent worlk by Cullen (1970) has indicated that months long
anncals are veccssary to obtain cquilibrium in dis-

Cuchrad Coe Au abloys with o higlh coppor concenlration.  Thoe
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TABLYE 3.1
Ty . e } I o2
EXPERTMENTAL R.M.S. THERMAL DISPLACEMENTS
IN DISORDLERED Cu-Au ALLOYS

Composition ﬁ;mjfﬂ @MOK a (R) Temg;rature
Cu .081 A 323. 3.6147 302.
L91Cu~. 09701 (1)) 3. 082 297.  3.6585 300.
. 75Cu-. 25U L080 266. 3.7488 305.
. 2Cu-. 82u .050 179. 3.9987 301.
Aut .085 175. 4.07é3 298.
.91Cu~.0%au(a) .090 266.  3.6623 301.

1. Owen & Williams Proc. Roy. Soc., Al88 509, 1947.

2. All values determined with experiment type one,
see section 2.12, except .91Cu-.09Au(b) which used
experinent type two.

3. Heat treatments a and b are described in Table 2.1.



regsulibs for 91Cu-.091%u () show thalb the Jonyg time anncal
decrecasced the thermal displacements to .O82X. I'urther
anncals will be carricd cult on this cryvetal to assure that
this 1g the couwilibriuwn value of the thermal digsplacement.
AL the .75Cu-.25nhu composilion there is still consider-
able digsagrecnent about the value of the thermal displace-
ments.  The resull of L0804 from Lhis experinent is midway
P e owvalues of 0 /540 T com Owen and Dvansg (1967)
and .084A From Webb (1962). Both of these values arc
within the cstinated experimental error of $0.007A. Webb's
samples could have been partially ordered which would
explain his high value. Webb reported that he annealoed
the gsamples slightly below the solidug and thon copidly
cooled them. Possibly this was not sufficiently fast to

obtain a complel ly disgordered crystal, and no check of

the long range order parameter wag reported. Owen and
Lvans did roeport evidence of a small undetermined amount

of long range order. The result of .087A obtained by Pasga-
galia and TLove (1955) from electrical regsistivilty measure-
ments is in disagrcecenent with this work. Pasgcagalia and
Love quenched their samples in water from 550°C: so they

.0
217

=

i

[\l

i

should have been fully disovdered. The result o
by Bowen (1954) with the same technique and a similar spoeci-
men proeparvalbion indicates that this technigue might not boe
scensitive to the thermal displaccments for this alloy.

Thoe rosulls of Cullen (1970) indicated thalt the data at

the .75Cu=-.258u composition did not £it the Crinciscen






TABLE 3.2

AR AL RoM. S THEDMAL DISPLACEMEHLS
PO Cuyon DETLPITINED PROM (400)
REILECTTON AS 2 PUNCTION OF
THE LORG RANCE ORDER
PAPAVETER  {(5)

0.98 .089

All values determined with experiment type one.
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TARLE 3.3

XPLRIMBITAL RoM. S THERMAL DISPLACEMUNTS
Av pLOME T Cu,Aw AS A FUNCTTOR OF
THE DEGKEL OF LOWG RANCE
ORDEDL (2)

. Oy <~WY\2h Dircction  Temp.
> \US Cu U(J‘ /‘7\_'u [;’l ki J OI<

.98 L1102 . 086 110 303.5
.98 .088 .0¢ 001 307.0
.80 .086 .077 110 299.0
.80 .084 .084 001 302.5
.53 .091 .080 110 300.3

o Cu AND

Buxpt.
Type

3

3

277

1. Sec section 2.12 for explanation of experiment

types.

. . . ) 0,,
The low temperature in this experiment was 27 K.
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TABLE 3.4

MITASU LTI O ROMOS . THEIUIAL L SPLACEMENTS
FOR Cu AUD fu ATOMS IN Cu,Au

N\ M /_ﬁ,a,\ 1/ o .
5 &USI/CU Vs Lhtt] —AZpcerimentor  Temp.
.98 .02 .086 Tt GLlmore 303.5
L 00 .099 .084 110 Gel -~ 18.0
1.00 .095 .082 110 Schwart “78.0
.94 .088 .068 ) Flinn R.T.
.80 .084 . 084 01 (" “more 302.5

. 80 .093 .069 Chipman R.T.



A most intevesting result was oblained {rowm the thermal
displacements in the [001] direction. As shown in Figure
3.2 and Table 3.3, vibration amplitudes of the Cu and Au
atows in this dirvcction are nearly equal, and differcent Lrom
the values in the [110] direction. Lonsdale (1948) points
out that for Lthe speaecial case of cubic monatomic crystals
the Debyoe-Vlallex factor is ilsotropic. It has also becn
pointed oubt by scveral authors such as Born (1942) and
Maradudin ~4. 7. (1963) that this (mplification is r
valid for polyatomic, diatomic or non cubic crystals.
Maradudin and IFlinn (1963) have shown that it is al > not
valid to asgume that the Debye-Waller factor is isotropic
~or anharmonic monctomic cv ic crystals. 1 spite these
results 1t is often assumed that the Debye~Waller factor
is isotropic in all cubic crystals as is noted by James
(1948) . This is because it had not beecn demonstrated ex-
perimentally that the therm:  vibration amplitudes are aniso-
tropic in diatomic cubic crystals, and the individual ther-
mal displacewnments in this type of crystal have not becn
theorctically calculated in different directions.

The only other czperimental study reporting the thermal
vibratio 5 in e [001] direction is that of Chipman (1550).

-

As shown in Table 3.3, Chipman's results are in d agroecement
with the present results, bul thore are several possible
roasons o Ui dilicronees.  Chipnss did not cryastal monc

chromate his Mo K“ vadiation; thorefore, the background

corrcction is expected to be large in compavison to the weak
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The decrease in thoermal digplacements corresponds to
an increasc in the X-ray Debye temperature as the crystal
is disordercd as shown in Table 3.3. This res ~t appears

at first =ight to dizagree with the results of Flinn (19061)

j—
&)

on elastic constant Dobye temperaturc (Ob) and Rayne (1957)
on specific heal Dobye temperatures (OD) which, as shown

in Table 3.5, decroasc with disordering.

Al high tewperatures the X-ray Debye temperature (Od)

is related Lo the inverse seccond moment ¢ the _rteqr ey

distribution as shown by Blackman (1855):

.

1 k? % Jo(v)v Tdv

o 2 n% Tp(v)dv

Thus OM wi 1 be most scensitive to changes in the low fre-
guency end of the distribution. Fukuda (1952) has shown
that upon ordering the density of low frequency states
increascs. This would cause QM to decrease upon ordering
which agrcces with the results of this experiment.

The low temperature specific heat and elastic con-
stant Debyce temperatures measured by Plinn and Rayne are
related to the invercse third momont of the {reqgquency spec-
‘trum. Ls 1s pointed out by Herbstein (1961) the low
temperature specific heat and clastic constant Debye temp-
aralures aro dependont only oon tho vory low Frogquonay
vibrations. DBecausce of this, the low tenporature O/_, and
UE arc scensiltive only to changes ab very low frequencilces.

lowevoer, tho room teuwpoerature Ye-rav bebycoe temperature



TABLE 3.5

DEBYE TEMPLRATURES FOR ORDERED AND
DISoRLERED Cu, hu CRYSTALS

. Ll 2 3

' O %) Op

0 266.0 278 “31.
= 7.0 5 ~35 283.8

Determir 1 from (00 reflection with experir

type 1, see section 2.12.
Rayne (1957) .

" "nn et a1, (1960).



samplces more of the freqgquency spectrum and has a different

frequency dependsnce than OU and OE’ thus it sliould not be

expectoed that ¢ fferent expoerimoents produce the same result.
The partially orvdered crystals were investigated by

both the one tenperalure technigque, as presented in Table

i

3.6 giving the cum of both static and dynamic displace-
ments; and thoe two tewmperature technique as presented in
Table 3.2 giving only the thermal displacements. The
static displacements resulting from the difference
these values for the copper and gold'atoms are shown 1in
Table 3.7. Webb (1962) obtaincd 0.041A for the static
displacements in Cu,Au powder samples that were rapidly
cooled. Webb's samples should have had a very sr 11 amount
¢ long range oxrc r, and therefore would be expected to

have higher static digplacements.
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TABLE 3.6

RoM.S, TOTAL DISPLACHUEKHTS IN PARTIALLY
ORDERED (",U,j'/‘zu CRYSTALS

e A2 RNV
///// < ‘> . [hiz7] TempOK

N 8 Cu RN

L1116 A .095 A 110 299.0
L117 L117 001 302.5

TARLE 3.7

R.M.S. STAT 2 DISPLACEMENTS IN PARTIALLY
ORDERED Cu s Au CRYSTALS

/2 5 /2

7 r 0 4
<\U&7 > cu &Us Au [nhl] Temp K
.033 & .033 A 001 302.5

.030 .018 110 299.0
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pPrimari; . :
rily madc up of Van der Waals atltraction due to the
Polarizabils
Vi1 7z aly 2 y . . '
zapility of the ion cores and exchange repulsion
attraction (I )

bet
\ Ay . 1- .
vcen the ion cores. The Van der Waals
(0
can Iy . : .
be expressced as a sull over the J pairs:
. - iy By -
A = 5 - C Y d () [4.2]
v . vw(‘) JI

whe Tes (4 , . .
e d(j) is the interatomic atance and CUU(J) is a

CODF"'— , . , .
stant which can be calculated from the polarlzablllty

Of the iong. The exchang® repulsion results from the over-
lap of the closcd electron shells of £he atoms. This p¢
tential is generally repreSented by & Rorn-—-Maj potential
Which is an exponential function of wtance or by @ Lennard-
Mie-Jones potential which is a Ja-t? function of distant
Bolsajitis and Skolnick (1968) applied the cellular moded
Lo solutions by describing the energy changes through the
electron density changes around the constituent atoms .
The electron density changes result from changes in electron
attraCting power which is expressed by an electronegatiVity
Scale e.g. the stability ratio pr0posed py Sanderson (19607 -
©jue o the electron energles

The a7
application of this techr
in the paper by polsal LS and Skolnick.

ig -
Pl sented in det
entering O

1he tot: co~

The pair cnergy Lerms (ﬁp)
hesive energy are dependent upon the local environnent OF
Cach Sl b e ol oo e '}u'-»'] TSI i ode o B
the Cypey of neighbosrs: Fhe syt Lryr ® Lable dLbUlm"“'mwlta'
» aals 1nteraction between

and o . . 1o Y

Oordering cffects. The Van der We

the T4 ati [A 2]

SR NE . om0 - coual 1Lon e ddoe
Jth pai  of atoms Wad PerQDLLd in ¢4
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adiabatic approximation {(clectron energies unalfccoted by
atonic vibrotlions) was made and an Tinstoin solid wag
assumnd,

The poirwise potoncials (4 (J)) use were of the form

where J denobos o particular type of pair, i.e. Cu-Au,

Foa=le or Au-Cu, o The valucs of these potential paramelers
as repocrted by Bolgaitis and Chiarodo (1971) a: listed
in Table 4.3, ac interatomic distances d(J) are a func-
tion of conposition and are derived by free encrgy wminimiza-
tion throuuh relasation by volume changes on mixing and
stetic digsplacoenents.  Thoe valozs of J(J) for the three
alloy conpositions under consideration here are listed in
Table 4.2,

he eelection of an Binstein type model for evaluating
lattice vibrations and the asgsociated vibrational entropy
was made boecause parallel calculations for the pure metals
based on a BRorn-v.XKarman model did not produce an approci-
able change in the quantitics that were to be calculated.
The Linstloin model result is compared with a Born-v.Karman
calculat  »n devcloped by Peldman & lorton (1967). Table
4.3 shows that foco the same potential the two wmodels calceu-
late  thoe =sine RUM0S. thermal displacomeant to within sic
R A R N RS PR S T SR AN NS RN TR A N C AN N TP

a metallurglcal cngincer would desiryre to make, the orders
of magnitude increase in difficulty do not justily the small

improverent in accuvacy of 4 Born-v.oRarman wodel.
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d (Bu-Cu)



TABLIE 4.3
) OO RUMLE. SRMAL DISEPLACERLNTS

CALCULATLD WLTH DORN-v.KARY 1 1
EIHNSWETN HMODTT 3 T 2980K

Binsteln Born-v.Karman

S _ N,
Lleument <U DA <U "/1/‘2&
S &

Cu .070 074

A .062 .064
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The Dinstein model aszsumeos that each atonm sets in a oell

which 1o gpherically symmetbyic, and that each atom vibrates

indoepoendently of the othors at an angular fregquency 0. -

[
0}

In purce mctals, the force constaent for the atom in a cell
will be calculatod fron the palr potentials where all of
the neighbors ave the same.  Then in alloys the force con-
stant i calcolated from a geometric average of the force
constants of the pure metal and alloy potentials 1 in
Table 4.1. In a face centered cubic metal each atom at
the center of a cell has six pair bonds with the 1 arest
neighbors, and the force constant on the central atom re-

sults from the si

Ua
ot

are asgsumod to be smeared out uniformly over a sphere of
41 steradians. Thus, there are 6/47m pair "bonds" p -
steradian. Consider a displacement in the z direction as
shown in Figure 4.1. The contribution to the force constant
resulting from the pair bonds at angle 0 to the z direction
in the elewment of width »d0 is calculated as follows. The

number of steradians in the element 6 to 0+d6 is given by:

2(rd0) 2mrsin®

e ’

Thus the nunber of pair bonds in this element is 6 sin0do0.

I  the force constant dus to a pair of atoms is f, then the

force conctant in the o direction (f ) is given by

¢ pailrs potentials. The six pair potentials
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3

where the w diyection is al an angle § to the pair bond.
The force constant in any direcction duc to the pair bonds
in the clement 0 to 0440 is given by f 6 =ginb cos?0d0.

The force conshant on the central atowm due to the en-

tire pair dongsity is thevelore:

i
2
re = /’ 6 sinh cos®6 do . (4.6]
0
The result of this integration is simply:
re 2 f . : [4.7]

The force constant in a particular.direction resulting from
six pair bonds around an atom is just twice the force of
a simple pair bond.

A simple model will now be developed which can be used
to relate the thermal displacenents with the average Lorce
constant in a cell (#¢). TFrom classical mechanics the
average potential energy (V) in the bonds due to therr 1

displrcement U? is given by

V= e (07 =3 e (@7 . [4.8]
The Virial theorem for a harmonic osci { r relates the

avorage total encrgy (F) to the average ; :ential energy
(V) through tho relation:

the sverage cnergy for a bocnmonic osead Lol G Liee b

stein model iz given by

[o= 3#7’“““77“‘ ’ ' [4.10]
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where 0, is the Binstein temporature.  In the high temperature

t

limit € for a t ree dimensional barmonic oscillator is given

by

L o= 3kRT . [4.11]
From oguation [4.8] in the high tempecature limit;

uu77 = b . [4.12]
For lowey temperatures the 1 317 2 is:

u <z = : - i {4,13]

98]
|
<

Assuming the clasgical high temperature limit and the
interatomic distances of Table 4.2 the thermal displacements

were colculated from equation [4.12]. The results are 1n

Table 4.4 which shows the experimental displacement; and the
calculated values of the thermal displacement, Binstein fre-
gquencies and vibrational entrvopies.

The agreement between measured and calculated displace-
ments in the pure metals seems reasonably good, the 10 to
20 percent discrepancy is most likely ascribable to the
simplifying assumptions contained in the model. The change
with alloying in calculated thermal displacements at low
gold composilbions 1s in agreccewment with the expoerimental

resoalts for the (91Cu-.09nu (L) crystal. This supports

Lo Lhoeory Lhat the dncreasce in Lhermol displocoenents observed
in the (93Cu-.0%r0 (a) crystal and in the resulbs of Webb

(1962) ig a noneguilibrium offect.















APDENDEE A

THEDMAL LIFUUSE SCAUPERING COPRECTION

The data coecordoed was intograted intensities from
intensitics werce corroccted for
a censhoant baclgrounnd detoermined by experiment. The
Following computer program caleoulates the re .o of the
thermal diffuse to Bragg scattering according to the
technicue of Skelton and Katz (1969) .,

L general discussion of the daéa sduction was gi :@n
in seccltion 2.6. One of the parameters required to calcu-
late the thermal diffuse scatter is tl  mean reciprocal
square lattice wave velocity (BSUB2). As shown by Skelton

et.al. BSUDZ (<v~%>) is given by

<pTn o= »E— {220, > % + <p

-9 U
. .7 1, [A.1]

where C and v, are the average transverse and longltudinal

wave velocitieg. <ut>*2 and <UZ>—2 have been related to

averages of the elastic constants by Anderson (1963) through

the expressions

“v,> Y <'L)7> = V\.";—]l“-_tuH/\))/}) ; [AL2]

T
~e
T

where - and K, =—arve given by cquations [A.3] and [A.4]0
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APPLNDIX B

COMPUTER Procpan ron pRrERMINATION OF THERMAL
DISPLACEMEWGS LY THE TWO TEMPERATURE
TECBNIQUE AT ROOM AND LIQULD
WITROGEN TEMPERATURES

The following computer program analyzes the data as
di g ST o PP .
l°CuﬁS@d ih section 2.6. The results of the analysis
2 o R s
o 1»!)’:‘ ])/'{}/1‘1?7\ O e ooy Eowoom EEI‘J(T ]J_(IU._Ld nLltyo: 1
g o Tl - o ot
Perature, the Debye-We ler factor (M) at ol pe A

Ure foy the reflection being considered, and the thermal
digpy

dcements at roonm temperature.
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