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Y. A. ChQ.ns"" ~And L. Hi.mmol"'* 

!norg~nic Matori~lo RoGoarcn Division, L~wronco R~di~tion Laboratory ~d 
Dopn.rtlcut of Hinoral Tocl1~1ology, Oollogo of Enginooring 11 Univorsity of 
Co.lifo:rni~ 9 l3o:r~coloys 0.:-,J.ifornia. 

ADST:RJ~CT 

Tho adiabo.tic ol~otio conotanta of oL•glo crystal cadmium have been 

doto~inod by ~oans 'ot t~~ ultraaonio puloo-ocho technique OVQr tho tompora• 

ture int.crval frc;:a -'00° to 575°K., Tho valuoa obtainod at ;:I00°K ares On= 11.,45, 

055=5.085, 066 = 5.750, 044 = 1.985 £4"'ld c1; = ; .. 99 in units of 10 H dynosjC'Zl2., 

,Tho tomporaturo dopondoncoo of tho linear co~prooaibilitioa, tho GrUnoisen 

pn.ramotor and tr~ latti~ contribution to tho apocific hoat havo been calculated 

u~ins tho claatic con~'~nto 6bt~inod in t~ present study ~"'ld other ~eceaaar.y 

thor.m~l data avaliablo in tho literaturoe 

,.~ ?rosen'\. Addrozs: 1-'!n.to:ric,lo Rocor~.rch Laboratory, Aorojot-Goneral Corporation, 
s~or~ontoD California. 

"~"' ?ro~:;ont .Addrosa • Univornit.y ot Co.lifornia, La:wronoo Radiation Laboratory, 
L~vol~ora, California. 
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Hi':'RODUCTION 

.'l..uons x:;ctal:J cryct:>.llizing :l.n th:;> hoxOl.gonal cloao-packod atructuro, 

cj;:,e .i>.:i.. tb.ough tho occurro:.1co of thooo largo axial rat.ioa ia not ontiroly 

understood in ·tor~ of theory, it ia cloar that the highly anisotropic proportiosD 

such o..s olo..stic c6nst.ant.o, coofficionta of tho:n:nal oapansion and eloctrical 

conduct.ivitio~ ~ro ~~~ociatod with these largo axial ratioa. Tho elastic 

conat:..nt:J of ca&lium ovor tho tomporaturo intorval from 4e2° to ;oo°K mvo 

bocn dotorminod by G~rl~nd and Silvorman(l,2)o Howovor, tho elastic properties 

of cadmium fro;;;;. ;oo°K to H.o molting point aro of apocio..l intoroat, ainco 

thoro is a rovorGo..l of tho ~\.Omporo.turo coofficiont of ~c.ho axial ratio within 

thlo tomporo..t.uro ro.r.goC1,4)o l·~oreovor, the elastic propor'-:.ies of zinc from 

4c2°K to ito molting point obtained by A~ora ~nd Noighb~~ra(5) show intore3t-

ing bo~avior with roapoot to compression i~ tho diroctiona parMllol and 

porpondicular to tho c-axis. In viow of tho structural similarities bet~~on 

i'ficicnt. of ".:.1-...o axi-..1 r<J.t.io for cadmium, it was folt doairnble to extoi6d 

t~~ ~o~curo~ont of tho ol~stic constants of cadmium to tomporatura neQr 

13.;.oidoa boing vo..luablo in tho understanding of motallio binding, elastic 
.. 

con::;'w.n'.;.::; o.i."c nocc:sa;;.:&y in computing tho Grunoisan parametor and tha 

dilational contribution to tho opocifio hoa~. Thia dilational ~r.m,·which 

bocc::.:lc;:; approciablo at high tomporaturea, must bo substracto<i along with tho 

oloct:&onio ~~~ fro~ tl~ oxpo:&imontnlly ~et~or.ninod specific heat at constant 

proasuro in ordor '.-,_o ob'w.ir. tho contribution duo aololy to lattice vibrations. 

In th~ prooont otudJ, tho fivo olaatio conatants of ca~ium havo boen 
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dotol"mincd frc::1 .500° to 575°K using tho ul trasonio pulso-echo tochniquo. The 

c~prcGeibilitica derived from tho elastic oonotanto wore uood to calcula'~ 

tho C·~.;lnc:i.son paro;no'.:.or o.nd. tho dilational specific hoato Tho values of tho 

lo..t.tico cpocifici hoc.·::. a'-. ocns'.:.ant volumo ob'-.aino.d by zubotracting tr.e 

dilationa.l a...•d olcc·i;.ronio tormo from th:'> o;cporimontally dotormined values 

of Cp 'l':cro thon co::Mparod '1-;ith tho classical valuo of ;m at high tomporaturos. 

EXPERIN.E.NTlo.L PROCEDURE 

fi'or a hoxagonal crystal, four of tr...o .fivo L•dopondon'.::. elastic conatan'.::.s, 

plu;.1o longi'.;,udin::~.l .-;o..voa and approp:riat.oly polari:;:;od tranovoraa wave prop~-

go.t..i:r..g in tho· diroctiono parallel and perpendicular to tr..s o-axis. Theaa 

volocitioa are rolatod to tr~ elastic constants according to tho following 

(1) 

w:1cro f is tr...o oi.-yoto.l donai ty and v ia tho appropriato \-lava voloci ty in 

quoction. Tho fifth elastic conotant, 01.5 must bo obtainod by moasuring the · 

volocitios propagattng in tho direction at ~~ angle 9 to tho c-axia$ Tho 

voloci tioa o~ Q.Coustic ..-;avos propaga'\.:i..ng in '\.hia direction are related to 

tl:-..o olo.atio consto.nts by tho f'ollovling oquatiom;( 6, 7) 1 

(2) 

2. f v?.. = .o11ain
2¢ + C,?_;coa 2c\> + C44 ± {L(C 11 - o4~e1n2 4> 

- (%~- c44)coa24>]2 + 4 ain2.cp cos2q'>'(cr3 + c*5}t' 

The term v~ in oquo.tio~ (2) is tho voloaity of' pure tranavorsa waves propagat- · 
" 

i;.'lg :L."1 ~~:.his Gi:roctioi:l i'l'ith lmo waves polarizod porpondicula.r to tha c-axia .. 

Tho otl';.or two volocitioa aa oxproasad by equation(.?) are of mixed chara.otor. ' v 
'1'1--.s plua ai;;;n rof'ora to a. quasi-longitudinal wavo velocity, vq·l and the 
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'"o a q_uaoi-tranavor~>o volocity, vq'.:.• l..uong tr..o threo wave 

voloci tic a p:ropaga'dn;; in this direction, '"ho moaouromon'.:. of oither vql 

o;;- vc:t l;ill yield tto fifth olaa'"ic const.ant, c15 • Tha o'"hor t;'o'o volocitioa .. 
oo:rvoci: ·~o 1-..a.vo a. chock o: into;;-n.al con;:;i.Gt.oncy of '.:.ho data. It is oviden'.;, 

f'•·o.:a equation (5) that '.:.!-..ore aro t•·•o poosible mat.homatical roots for 01}" 

Th~ col·roct. ono io d;;)"t<n"minod by tho lattice stabilit.y condition( B) .. 

In tho procont .study, tho growing of throe single crystals of 99e999% 

pu:o co.cbi'tZll in tho fo:;:m of 2&5 em dio.rno'.:.or s1Jr~oros waa carriod out in an 

i;:-lOrt a·::Z:.osp:x~l·o of hign-puri'\.y holiu:::. in p-.·ovio<laly outgasc:ed roactor-grade 

graphit,o cr.loiblo:::. u;.:;ing o.. modified Bridg.na.n tochniquo. One specimen with 

face::; nol:.:lal ·t.o 'c:.ho c-o;;.;d.o, a aocond uith facoo parallol to tho c-rucia and 

o.. tl1ird •·;ith. facoo at o.n anglo of '£,;,,0 to tho c-axia woro th()n cut frcm each 

of tho tlrroo ophcric~l oinglo crys'WAla by olectric discharge machining. The 

o:oiont~tio~s of tneso crJstals woro dotor~inGd by back reflection Lauo method 

Guo to oloctric disch.:n·go r.:w .. oh:J.ning, tho cr;rsta.la wore first etched in a 

sol~tion of nitric acid and methyl alchol (5o% acid by volume). After etching, 

oach crystal \'las tb.o4'l LJ.oun~o;.od insido g. surface ground hardened ataol rir.g 

of: "-PPl4 opriato thiclmo;;;s and polished ~;i th } micron diomond pasta on a. 

\tibl·atc:oy f"'-P (Syzltron) until tho t~to faco:o were :f"la.t and parallel to within 

Tho voloci'"ios of acous'\.ic uaves ware moaaured by moans of a Sperry 

Products ultranoonio o.t~conunt:l.on oomparator(9) in a manner described 

provio~sly(lO,ll) .. ~X-cut. and Y-cut quartz crystals, l/2-in diameter and 

:ro;;;on:ar..._, at 10 't-ic/soc, woro usod to generate either tho pure longitudinal 

or tranavorso wavoa. A spacial high-temperature epoxy resin consisting of 

.l; 

Epon 1031 (Sholl Dovolop:w.ont Co.) and nadic methyl anhydride aorved as too, 
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boncli:::.:; ~on·C.. bot·;;oen ~-.ho quo..;d.z 'i.ransclucor and t.l-:o cad.;niw:n crjatala fra::1 ! 

con<>tr~ntr. >.-aa calculated f1·c:n x-ray la.'.;;.tice paramot.ors (.5). To correct. for 

tho clonoi~~y and tho moaourocl sound veloci~.;;.ieo a.a a function of tempora .. curo, 

tho tl•o:r;;;;al cxp:ms:l.6;.1 clat...._ of Or;on a..•d Roborta(.5) woro used. 

RESuLTS 

Fig. 1 aro listod in Tab:o I. Also incluclod in tr~s table are tho smoothed 

Yaluo;:; of o12, o15 ancl tl:-.o c~diabatic comproosibilities pal·allol an.Ci perpendicular 

Tho olaztic conatant 012 is not an independent 
"\ 

:r.oclu1us, but :;.·olatod ~c.o 066 by '.;.ho o.quatiol1 1 066 :;;,. (c11 - o12)/2. The values. 

cf o
15 

;·rorc calculo.'c.od. fl"om tho di:re~~ly moasured q-uantities f v~1 by moans 

of oq_·..:.a tion (.5). Tho adiabatic comproasibili'.;;.ies parallel and perpendicular 

'.;;.o tho c-;v;:is ;,;oro dcl"ivod fl·o:u '.;.ho swoothad valuos of t.he olas'\.ic constants., 

Tho appropria'~ equations aro: 

'XII 
r-;·" ... , 

..;.. 

(011 + o12 - 201,;)/0 

(0).5 - o15 )/C 

(4) 

(5) 

Tho numbor of signific~t fig~re displayed in Table I is greater than 

i::. \;o.:;.·r&ntod b;t '-:.ho ab::.olu'.;.o accuracy of the moaouremonta, but an extra :f'igura 

..na~ bon ro'c.ainod to indic::..'~ the trend of t.ho data. with temporature. From 

'.:.l-.::~ st.o.tiscal eproo.d or scatter in thtl e~porimontal data as shown in Fig & 1,. 

tho uncol"'.:.aintios in ~10 directly moaourod quantitioa: o11 , o55 , 044' 066 
n 1 · 

::w.d f v:'i ( C( = 22°) aro found to bo :h 0.5%. Uaing the ~;;ta.ndard propo.gation-.. . 

of'-o .. ·ror ~.:.l"ou~.:.mon'\7.( 12) 9 tho i.mcortaint,ioo in tho calcula tod quanti tioa are 

• 
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_:_ 1 17% · "nd 1'\1 J.7 5% ~ _... • 0, .... /'-.L , ...!. .. o., 

(2) .. Tr~ ~ccond chock of intoAnal consistoncy 

of tl-.o data i'las J:'ilO.do by cc:.lput.i;:;.g tho IOlOasu:rod valuoa off v~l + f V~t 
a-t 500°K •·ii.th tho calc·.:.la·~c:t valuo according to tr..a relationship f v~l + (' v~t = 

'A.~ ~ ~ ... , : ( ;;;) • a· b ''l--c11 sin 9 ~~- C55ccs '-/ -'j-. C44 equation / • Again tno l.fforonce atwoen '-•j.l;l 

rr.oasu:rod and calcula.~.:.ocl values is about Oo4%. 

J:1.s sho;.;n in Pig., 1, tho ol(l.stic constants obtained in the proson"c. a'V.ldy 

join sl:iloo·~hly '\vitn the lo>-t-to;npo;.·:;Lturo data of' Garland and Sil vormanC 1 ,2) .. 

Tbo.::-.;luos of Clli c
55

, C44 and C66 ropor"~od byAbo;.;itz(l.5) at .)00°K are 

in good ag:roo;ner.t. wiJ.:.h ou:.· rosults. Since Garland and Silvor:nan.aa woll as 

.h.'bo·,..-i'.:.z u:::;oci. a •·a·ong valuo of f for ca~ium a~\. roo.:u te.:uporaturo, all of 

".:.hoir repor"i:.ocl valuos of ".:.he olast.ic constants \tere co:i.·roct.ecl using ".:.he now 

valuo;calculaJwd from A-ray lattico parameters. The older values of the 

olasJ.:.ic ccns"\:.o.n-'li::;: obtai:ucJ. by Gruneison and Goens(llt-) aa \';ell as Brido~(l5) 

arc uls o incl'-4dod in 1 for comparison. 

rV-rV A comparison is al~o ~ado for ths isothermal volu.:uo comproasibility, 1-

cio~ivod f~~ tho olact.ic ccnst~Ats, and tho di~ectly measured values. Tha 

v:aluo of ~~ obJ.:.air.o_d in tho p~esont study at. 5C0°K is 2.21 x lo-1~2/dyne, 

uoing 'i:.l-.o \iDll-:Woi-m "lihomoclyna.:nic relationship: 

~6) 

-. 
.,.;horo ~"'f.v is .. .:.bo isotho:rmal volu.:ue co;u.prossibility, ')(vis tr.e adiabatic 

and V is tho specific volume. The Vf.llUo1:> of ~ ar..cl Cp are avaliable in tr..o 

litoraturo(3,l6)o Bridg~~•(l7),. Richards(l8) ar.d Ad~a ot. a1.(19) havo 

.~· 

. \. 
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reported tho i'ollo;d.ng valuos of 'X~; .2.10 x 10-l~ 2.10 x 10-ll and 

2 ... 25 ;~ 10~11 cr::;.211G.~rn.o, ,,i;..ich a.ro in r0a.aonQ.blo E~.gro;.!Iilont with tlw value obtained 

DISOUSSIOH 

:;'or t.t-..:0 F~rposo of ccmparison, the rat.:l.oa: 066/044, 011/0;; and ?<-u/ f'~J.. 

at )00°K for cloven mo·i".ula ;-;it.h l;;.oxagonal closo-packod sJc.ructure are liste,...d 

in 1ublo II ~,ogot.hcr ;·;iJ.:.h '.:.ho valuos of c/a -'~7.akon fro:n the COLlpilatior. of 

Eca:n:oo11(27)., ';lH.h 'c.ho exception of ti;.z,llium 1 tho elastic anisotropy of 

thoso metals 'corrolo:i:.oa qualitatively \tith tho;axial ratios .. For cacb.ium and 

:z;inc, tho valuo:;; of ?.66/044, c11;o55 and ?Gu /I)C.J. are much grea:tor than 

unit.y-, p...-ocumably duo to ~i.ho anomously lat'go values of cja. 

As shoi'm in Fi.;. 1, all t.ho olaotic constfu"'l.ta docroasa with increasing 

toz.:.poraturo. Ho;;ovar, J.:.ho sh0ar aniso~ropic factor, A= 066/044, at first 

i:ncroasoz with tomporaturo to about 480°K and thon docroa6es abovo this 

'wz.:.poraturo (~oe 1ablo I). This unsual temperature dependence of A may be 

~asoci~tcd ~ith tho rovor~al of tr~ tomporature coefficient of the c/a axial 

ratio<:? ,4). 

~~e to doparturo fro~ tho ideal c/a ratio for cadmium, one expects 

tho lattice to bo mot'o cowprossiblo along the c-axis than perpendicular to 

tho c-z.Ais. This indo6d ia ';;.ho caso. HO"ilOVor, as sho-..m in Fig. 2, ~ 11 increases 

~.i.. ramains constant. Only close 

-'.:.o tr..o w.ol'i.ing poi:n'l.dooa ')G;,..clocroazo. Sinco ?{.;., involvos tho difference 

of ')G.!.. for cadmium ar.d :z;ino may no''' co roal. In w."1.y case, tr.o3 fact that 
I 

tho ~..:.Cwpo:.~a'.;.uro clOl)OnC:Ol1CO for ?{_.I\ ru1cl· ~"';CJ.. aro difforon~';;. auggost~ that 

tho bondi;:1g bo';;.i·teOJ.1 'c.ho a'.;.c;:us in t.ho basal plano ia certainly different f'rOZil 

. ~-

~/ 
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thr:'.;. jot:;·:ocn t.ho 0.to:r:OJ of c.djuccnt plc.:noa. l~s point.od out previoualy(2,5) 9 

vc.luos o? tho valuos 

ps.:rc..:;:..otor, \.·oro cc::putod c.ccordh;.g -~o tho follow:i.r.g fo~ulo. for hexagonal 

aol.iclo: 

';{ :::: (2 PJ. ... ,.. p 11 )V/(2 XJ.. "'r 'X11 )Cp (7) 

ccofficior.·;;.::; of thO:rl:i.::ll o;.;pQi.1aion porpcmC.icular and parallel to the c-axia .. 

Tho vc.luos of 
.. , 
0 

,/ 

0 docreases fro:n ;.,4 

·at lcf K do<m J-:.o 2.17 at. ubou·;;. .550° K, and then increase a above thia tc::::lperature. 

Sinco 'i.horo is 110 thoo:rotico.l moclol for predicting the values of (f for 

c..r.~ico'.:.ropic solids, no·'- n:..uch ca11 bo oaid about. tho temperature dependence 

of. Cf for cadlllium. 

F'ins.lly, we havo oval·v.atod tho lattice, ccn'i.ribution ''-O the specific 

i;;.oat fl·cm :;:-ocm. tompora·i;;..-:.·a to 575°K by substracting tho dilaticinal and 

olootrc~io ~pocific hoats from the oxporimon'i.ally doto~ined values of Cp. 

Tilo dilational 'tOl"lil !;;:;,a ovaluatcd by means of the thormodyns.mic relationship: 

Cp - Cv ::. c! 2Tv I ~"'t. ~ (8) 

·(zho:.~o c<;; 2 j3 J.. ·:- p11 i:J tho volumo coefficient of thermal expansion. Tho 

oloc'.:.ron:i.c COl1"i:.ributicn 1 •·:hich is a small quantity, \'tas aosumod to v~ry 

l:l;.1oal"ly ;-;i th ·i:.o:nporc,'i.:.l:.·o .. Tho valuo of tho electronic coofficiont, 

.. ,., -4 - . 2 . 

.l. .. ::;2 x 10 caJ../u.cg g-o:;;.om was talwn f:~.4 om 'tho recont Cc=lpila tion 

0 ·:-- -- ~ , ' . , 1 ( J.o) '"'' , ""' , ~ .... . i .,. . ~... .~. b.~.- ~ d - .4.:'-1.u.g;:-on oi.. o • • .:..c.o v~ ... uoc o ... tno J.n ... tlco opoc X:l.C ~:on-:. so o ~ne 

at high tcmpcratu4cz nppronch t.lw classical valua of 'R :: 5.96 cal/deg g-at~ 

wi'i.h:Ln ''-:ilo u:nco;:-to.ir.;i:.io:J cf all tho oxpo.-imontal quo.ntitios involved. 
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T.:...blo r9 t;'l '7 ~or.:-,..!,..... ?ropol""' .. ~ics of Caci.miuz .. "' J~dic.bat-ic Elast .. ic Constants and .... .~:. ... """' ""'..il.\ol' J..:lO 

F"?.·C<b- 22°) 1oll . I "l. 
l:-

'to.lt10 s of "q.l. • - c..:ro ii1 tno UniJ.:.s of o.y-tAe em ; 

T:J.o Shov.r .t ... ~izc ... ~~ .. op:l.c Ro.t.io, A= 066/044 is cl:l.illonsionless and F. 

10-15 'l.. 
1~di~4.batic Li;.;.c.o.:o:- Oo:r.prossibili'.:.ios aro in Uni-'17.s of em/dyne., 

v 
m Orr 011 0-~ 066 c 41-t 

,-..2 012 015 A ~il 'XJ.. 
I 

J.:; ~~ ') r v ql 

I 500 11.,.1,'5 59085. 5 .. 750 1 .. 985 6.160 5 .. 95 5.99 1.,89 16.,0 2 .. 55 
I 

5.,01;·5 5~6eo 4 .. oo l6pl I 520 lle29 1 .. 928 6.095 ,5 .. 93 1 .. 91 2 .. 55 
l 
l )i.lO 11.,14 5.005 ,5.605 1.872 6.020 ) .. 9.5 4.oo L95 16 .. .5 2 .. 52 
·\ ,560 10.97 4.960 5 .. 520 1.818 5 .. 950 5-95 ,5 .. 99 1 .. 94 16.,4 2 .. .51 ' ;i. 

500 10 .. 80 4.915 .5 .,l.t)5 1.759 5.870 5 .. 95 5 .. 98 1.95 16 .. 6 2 .. 29 
:; 

4.870 4oo 10.61 5.,51iO 1.705 5-795 5·•95 5.98 1.96 16.8 2.27 

.!}20 10.42. 4.820 5.21;0 1 .. 646 5.715 ,5.94 5-97 1 .. 97 17 .. 0 2.27 
-~ 

4~~ 10.22 . 4.770 5 .1)5 1.590 5.655 .5-95 }.96 1.97 17.2 2.25 

l.;-60 10.00 4.720 ,5.025 1 .. 552 5-555 5.95 5.96 1.98 17 .. 5 2.21 

1.£o 9.78 4.670 2.910 1.474 5.470 .5.96 5-95 1 .. 98 •17 .7 2.19 

500 9.54 4.615 2.765 1.,415 5.590 ,5 .. 97 5.95 1.97 18.,0 2.15 

520 9 .. 29 4.565 2.655 1 .. 555 5 • .510 .5.98 5.95 1 .. 96 18.,.5 2.08 

5L10 9.02 4.510 2 .. 520 : .. 29.5 5.225 5.98 ) .. 96 1.95 18.,6 2 .. 0,5 

i : 560 8.75 4.,455 2 .. 565 1 .. 252 5.1Lio 5.96 5 .. 96 1.94 18.9 1.,98 
~ 
i 

575 8.50 4.410 2.,280 1.,187 5 .. 94 5.96 5-975 lo92 19 .. 2 1 .. 92 

; 

.. 
~ ~ 

! 
l.t•-

·j 

l 
(j 

-
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tho Adiabatic .Elastic 

Con:::·can·::. R::..·::.io;;;, C66/C1y4 and ci 1;c~5 ~ and th.o Adiabat.ic 
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