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ADSTRACT
The adiabatic clasiic constanits of singlo crystal cadmium have been
aeoO“m*noq by moans ‘of ihe ultirssonioc pulso-ocho technique over the tempera-

ture interval frem 500° to 575°K, Tho valuos obtainod at 500°A a;es 011.. 11.45,

55 =5.085, Cgg= 3. 75u, Chuy = 1.985 and 015 = 3, 99 in units of 10 dynes/hmz
. %ho wompaerature dopondoncas of tho lincar comprossibilities, ths Gz unoiaen

parazoler and the latitioo coniribution to the specific hoat have been calculated

‘using Yho clastic comastantsc Gbilained in the present study and othor mecessary

thennal date avaliiable in the liuornturee
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3 INTRODUCTION
Among metals erystallizing in tho hoxagonal cloac-packod structure,
cadaivm and sine aro the only iwo exhlibiting ancwmalously large valuoes of
o e Ge Although the oecurrencoe of thoso largo ax;al ratlos is not ontirely
undorstood in tera of tﬁcqry, it is cloar that the highly anisoiropic proportios,
such a3 eliasiic cdnsian}a, coofficionts of %hermal espansion and elocﬁriéal
conductivi ties aro ;ssociaﬁod with these largoe axial ratios, The slastic ‘
constants of cadmium ovor the tomperacure intorval from 4 2° to 300°K h%veb
been dotermined by Garland and ollverman(l 2) Howevor,»tha oclastic properties
02 cadmium from 300°K o its moAting poin aro of spocial in%oreet, since |
thore i3 a rovo:éal of the tomporature coefficlent of the axial ratio within
thisg {temporature ran o(?vA), Moreover, the elastic proporiies of zine fram

5 .
4.2 K 40 .

}J-

e moltiﬁg point obtained by Alors and Noighbqurs(5) show interest-
ing behavior with respooct to compression in the diroctiona paralleol and
Tpondicular to tho c-;xis. In view of tho structufal-sﬂmilaritios between
cadmiuﬁ and zinc and thq-revorsal of the Lompovelinmio—al—s temperature coe-
£Piciont of <iho axilal rgtio for cadmium,”it was Lolt dosirable to extend

“hs measurcmont of tho elastic const«n t3 of cadmium to tompoerature near

constanis are nocessary im coamputing the Grunoisen parameter and the

diiational contridution to the spocific hoati. This dilational torm,  which
| boccmcs approciable at nAgn tomporatures, must be subﬂ*racieq along wiih tho

clecironic temm from %ho oxperimentally detormined specific heat at cons»ant
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Progsure in ordd

in tho prosont study, tho f¢vo o;astlc conatan ts of cadmium have besn



2 ‘ ' R *
detomined from 300° 4o 575K using tho ultraconic pulso-echo technique, The
compressibilitios derived from the elastic constants were used to calculate

’ " f N : » N o
iho Gruncisen paramoier and tho dilational specific heat. Tho values of the
latiice specific heat at cenmsiant volume obiained by subsiracting the . g]l
o Py . . P 2 A « . .
dilational and elecironic tomms Iroam the cxporimontally determined values

of Op were then comparod with the classical value of 3R at high tomperatures,

 gating in the dircctions parallol and perpendicular to the c~axis. These

volocities are rolated to the elastlc constanis according to the Lollowing
‘relationship(697)8 .

— o2 4 | |
| Oy = PV ()
wWacxo f> is ko orysial donsity and v is tho appropriate wave volocity in

- guesition, The fifth elastic conslant, 015 must be obimined by measuring the -

velocities propagailng ia tho diroction at an angle Q’ {10 tho c=axis. The

- velocitiocs of mcoustic waves propsgating in this direction are related to

tio olastic constants by tho following oqﬁgtions(6a7);

PYi |

pvE = 0y30ind 4 Osze00% A Oy ok ke, - 044)9122¢ |
. . . PR , B * ,
- (Cp — CM)coszq})]a + 4 sin®d coszd?(cig + 044-)}1-

06631112@ -{v- szcész<0‘ . | ‘ | (2)

b

" The trm v, in equation (2) 4s tho volosily of pure transvorso waves propagat-~ &

ing in this dircction with ggno waves pelarized perpendicular to the c-axis,

_Tha oihor two volocitios & expreoased by equation (3) are of mixed charactoxr. ;-'\f

_Tha‘plus sign rofers to a quasi-longitudinal wave'velodity, vqi_and,the



g

'p*ov*ousxy(lo 11) KL-cut and ¥-cut quarta crystals, 1/2-in diemeter and ;

OF transcvorse woves. A 5pecial high-temporature opoxy resin consisting of !.

>

vqﬁ. Among tho threo wave
-

volocitics propagating ia this direciion, tho moasuremont of oither vﬁl

OF Ve, will yicld tho fifth olasiic constant, 015. The other two velocities

mirzs sizn rofors Lo a quasi-transverso volocity,

served o havo a cacck of intormal consistoncy of the data. It is evident
tion (3) that thore aro two pousibLe mathema»ical roots for 015.

Tho correct ono is detorminoed by tho lattice stability c01dition(8)

[

In tho prosont .study, tho growing of tarce single crystals of $9.995%

&

pur cadmium in the foim of 2.5 cm diametor sphores was carried out in an
ivert atmospusro of i -pu‘i vy holium in previcuasly outgas:ied roactor—grade

00 cruciblos using a wmodifiod Bridgman techanique. One specimen with

faces noxzal to tho c-axkis,; a socond wiith facses parallel to tho ¢-axXis and

& %hird with faces at an angio of £’° to the c-axis woere then cut frca each

o th; Abroe spherical singlo crysua;u by olectric discharge machining. Tho
orientations of tneso crysials wore dotormlﬁed by back reflection Lauc method
0 within 0.25 o 70 rOmOVO tho‘cold orked surface layor of these specimens:
Guo Lo eleciric d;scna"~o machining, tho crystals wore first etched in a |
solution of nitric acid and me»ayl alchol (50% acid by volume), After etching,
egch crystal was thon mountad inside & surface ground hardened ateql ring

ol appropriatle ﬁhiqknoss and polished with > micron dismond pasis on a

vibratory ap (Symiron) until the two faces wore flat and parallel to within

Tho volocitics of acousiic waves wore meaaurod by moans of a Sperry

?roducﬁs ultransonic attonuation comparator(9) in a manner described ‘ :

roscnant at 10 Mc/soc, woro used to genera»e either tho pure 1on°itudina1

Epon 10%1 (Smll Dovelopusent Co.) and nadic methyl anhydride served as tho |



~ bonding sgont botwoen tho quartz “ransducer and tho cadmium crystals frcm ;

. o,
ambient ~omqo"aburo o about 575 K.

Thovdcnsity of cadmium at 300%K, 8.652 g/cc, used in comput 1nb tko olastic f
constints was caiculated fream x=-ray lattiice paramotors(7). To correct for Lo

the donsity and tho moasured sound velocit i@u as a function of temperaturo,

tho thermal cxpansion data of Owen and Roborts(7> woTre uged.
RuSJLTS

Tho umOOthd values of O3, O3, Ch4 and /O vql(<7 22°) taken frem

aro listod in Tablo I. Also incl ed in this table are the smoothed
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of C.. wore caleulatod from thoe directly woasured quantitios f>v§1 by moeans
o2 oguation {3}, Tho adia oatic compressibilities parallel and perpendicular

40 tho c=axis woro dorivod froa %the smoothed values of the olastic constanis.

’}4 . = (Cq3 4 C1p —2035)/0 (4)
Ky = (G55 — Cy5)/0 | )
h,-5. The values of 9/.” and ’)C-L are ?lotted

" The muabsr of significant igure displayed in Table I is greater than
is w*trantedvb"vtho abzolute accuracy of_the moﬁéurémenta, but an oxtra figure
coen retained to xndicatevthe trend of tho data with temperature. Fraam = - 7 ';)
oh§ statiscal spread or scat@er in the expsrimontal data as shown in Fig. l, “

*

Who unceriainiics in tho directly measured quantitiosz Cll’ 055, 044, C66
: : - A"

d f3 ’2( = 22°) aro found to bo Xk 0.5%. Using the suandard propagation-

ol-crrox troaﬁmcnt<*2>, ioe uncerdainiics in the calculated quantitiea are



g

Cy 1845°Q = Cx5c

5

as follows: C‘A, o 1.75733 Cin 552 3.260; ’}.’aix 5 o 1.17%; and /\/L.L ,i“?o57oo

- i !
4
Two chocks of internal cons ’tonc:J of tho da%a woro made at 300°K, The -

. . o, . bt
measured vaiuca of 2 v. (3= 220) was. found Lo be 0.4% higher than th
H “ i . . ~

compuicd valuo woing oquation (2). The sccomd chock of internal consistency
2 4hs data was made by ccmputing the moasured valuos of va = v2

oL WiS Qq»o.\ ] 7 aputing o sux ql i qt

o O e s

at 500X with tho calculated value according to the relationship [.7 v J (-’ v L=
5¢ cos u - C»L (cquation 3). Again the dlfforonce botwoen t}
moasured and caleculated valuwes is aboutl 0,4%.

As shown in Fig. 1, the elastic constanis obtained in the present study
join smooihly w.'z.’c'q the low~tcmporature data of Gariand and Silvorman(l’z).
mL oy o e e ) > [ ‘ - 1 i (15) t 3 OK
Tho wTaiucs of Cll’ 055, 044 and 066 roporied by Abowitz at 500 8xe

wilth cur rosulis. Since Garland and Silverman.as woll as
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ADOWALE Used a wrong vaiuo of F for cadmium at room temporsiure, all of
’c?eir reno:‘uou values of the olastic éona.tan’cs WETre corrcciod using the now
valuezcalculated from x-ray latiico parame ;ers. The .ol_der' values of the
elastic cons;l‘;é;n‘cs obtained by Gruneison and Goens(l‘!‘!‘) eg well as Bridgman(-15)
arc aiso inciuded in Fig. ‘1 for comparisone. |

A comparison is.also madé for the lisothormal volume COmPZ‘OSSlblllty, ')(_V
dorived frem tho olastic censtants, snd thoe directly measured values. The
vaiuo of ’}f-;r obtained im tho presont study at 300%K is 2.21 X lOul&nz/dyne9
uging tis wsll-mown thomm oqynamic relationship:

%\/ — /‘/ J.o\ TV/Cp g5)

mal volume cumprossibility, ’){,vis the adiabatic

=,
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volwno comprossibility, o =iemtimecdichaldomnelintmtnpmeceibilidys

is the volume coofficiont of thermal expansion, T is tho &D..olute temnorawre,
and V is the specific volums., The valucs of C{ and Cp are avalisble in ths .

12‘."f*ra‘~ura(5’16>., B:idgmm(n),, Ricba.rds(la) and Adsms et. al.<l9) have
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in the proccnt study.

40 tho moliing point doos L, decreaso. Since ) involvoa tho dlffe;ence

-6

reported tho following valuos of C(:a 2.10 x 10"1% 2.10 x 107*1 ang ; : %

2.25 z 107*} «a®/éyne, which arc in reasonablo sgrosmont with tho value obtained (.

For tho purposc of cmparison, the ratloa: Cg5/ChL, Cll/b§5 and cﬁ\U/CLJ_
- ) ~
at 300 K for cleven metals with koxagonal closo-packed siructure are liste d

th “he valuos of c/a taken from the compilatioa of

il
Eearson(ZY)o With tho cxcoption of ‘nalllum, the elastiic anisotropy of

“hese metals corrslates qualiistively with thﬁaxial ratios. For cadaium and

- zinc, the valuss of géé/cééf Cll/C’“ and /th/ ;. are much greater than

‘unity, prosumadly duc %o tho anomously large values of c/a.

As shown in Fig. 1, all thoe clastic constants docrease with incfeasin g
temporature. However, tho shaar>aniso§ropic factor, A= 056/044, at first
incroasos wifh ﬁompdrature éo about 430°K and then decreases above this
tomporaturo ( soe Table 1), Th unsual temporature dependence of A Aay bo

associated with tho roversal of the ‘cmporature coefficient of the ¢/a axial

o
ratie(7fk).

Zue %o dopérﬁuro frem tho ideal ¢/a ratio for cadmlum, one expects
the latiice 1o bo more coupressible aloug the c-axis than perpendicular to
‘ho ¢~axis. This indeeéd is the base. Howevef, aé shovn in Fig. 2, 7(;;increasés
in tcmpo"gﬁuro contimuously up to 57) X, while ¥ X 4 decreases.with tem perature;:
This ic somowhat difforont from the tomporature dependenca of the 1inear

OWIR)

’ . R e . . .
compressibilitios for zxnc\u);_for wnich ?éj'ramalns constant. Only close

N

€«

of 1wo lnrge guantitics, ihe discrepancy between the tomporaturo dopendences .

2460 may nov uo .oal. Ia any case, tho fact that o v

r.
o
e}
o
jo]
&
o
B
&
3

SO0

Aho tempsrature dopoundonce Lor fu“‘dndv'),L are dilforengt suggests that

‘he bonding botwson tho atems in tho basal plane is cortainly differont from



clocironic contridbuticn, which is a small quantity, was assumed to vary

-4

that botwoen the atoms of adjacent plomea. Az pointod oul proviously(295),

wasl\ b [ ke LA

vent with tho modol proposed for zine and cadzium

thago are consis
by Uallocee who assumes a sysiton of rosonaling covalent bonds betyoen

' ‘ ) [0
iaving tho values of J4, and . , tho valuos of & , the Grunoisen

A

paramoter, wore cc*pa according to tho Lfollowing formula for hexagonal
solidss

L ¥ = @B By W2 %L K)o (7)
are élott@d in Pig. 5. Tho torms Ga and 5y ia oquation (7) grglthe
ccoff*c*an; of'thormal expansion éorpondicular énd parallel to ihe c?axia.
Tho valuos of § ini 5 from 300 °K downx o 109K are taken frcm the work

g,
' ’ /29\ <
of lcCammon and White'\*’/. The Grunoisen paramaﬁor ¢ docroases from 3.4

" - ve - ‘v Y ) . i e o’ - . y N
at 10°K down %o 2.17 &t about 550 X, and t‘hen increases above this temperature.

Since %hore is no theoretical model for predicting the values of ¥ for
anisotropic 50iids, not much cam be saild about the tomperature dependence
of § for cacdmium.

F;nal-y, we have ovaluated thoe Laﬁtico\contribuﬁ'on ) the spec1 fic
heat f"cm'romn tomporature to 575 A by sqbs»rac ting the dilational and
cleotironic specific hneatls from the expo;lmonually dotermlned values of Cp.
Tho d*la*'ohal torm was ovaluuued by means of ﬁne the*modynamlc relationohipa

Cp -Cv = ozz'“V/rx."" . - (8)

wpore A&=2 G+ (B, is the volumo coofficient of thermal expansion. The

!,
e 7 55 .. - s Sl - . : . .
§or = 152 % 1077 cal/ficg g-aton was taken from tho recont ccmpilation

| gy
o2 Hulitgron Bt, al,\* >. Tho valuss of tho lattico spocific hoat so obiained

&% high tcmperaturcs approach the classical valus of 3R = 5.96 cal/deg g-atcam
within 1ao uncortainitios of all the exporimontal quantities involved.
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11.45 5,085,

13.29 5.045
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> L. Elastic Proporiics of Cadmium. The Adiabatic

Eilastic Constants and

vag;(QD:: 22°) aro in the Units of 10%+ dyne fem™;
LN _
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pie Ratlo, 4 = Cgg/Cyy is dimonsionless.and

»CAA

1,585

%.928
1.872
818

[
L]

1.759

/% 2
"1 Ci2 i3

60 160

6.095
6.020

5.950

5.870
5.795

5.715

5655

5505 -

5.470
2290
5.510

225

5.140

5 ‘.‘075

S\

5.9

N

J

N
\M

3.95
3.95
39
5.94
5.95
3,95
5,96
5.97

. 5.98

598

5.96

5094

3.99
4,00

4,00

299

3098
5.98

2.97

5.96
5.96

395

3.95
2.95
3096

5.96.

5.96

A
1.89
1.91
1.9
1k
;5
1.96
1.97

1.97

1.98
1,98
1.97
1.96
1.95

1.94

1.92

‘Lianoar Compressibilities aro in Units of 1073

Kot

16,0
16,1

16.5

16,4

16,6
16.8
17.0
17.2

17.5

4767

1890
8.5
18,6

18.9

19.2

c£7dyne,
XL
2,25
2.55
2,52
2.51
2.29
2.27_
2.27
2.25
2.21
2,19
2,15
2,08
2,03
1,98
.1;92
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? This report was prepared as an account of Government
' sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:
A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or
B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.
As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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