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. The ~~s1stivity· of' elemental ytterbium a.t ~Om tenweratuN .:riSes 'by 

a £acto~ ot ~J.even ·.tO a ~um at. a pressure of'~- 'kbars; a ~~her ·. 
. ' ' 

. '' 
• •,# ~· 

.. · 

:.- ', pressUre increase ~use~ a p6~;rph1ci tra.nsitio~; the' new pha~ baa a 

:''. :resi~tivii;rof' 0.8 tbSt of th0 '·1 atmoaphe'~':va~ ~f the msta1.· Iri _tba 
) ;· •. ,r/; -~ ?_' ~ 

:. · T-P diagram~· the. phase: -b6~j'~ ~ ne~tive ·~lope.: ·1h~ phase 'boUD.<ll7. ., .. 

: }las l?eeii determ:inact from '.:.190° ~· 36o0c1 s:m' .he:~· been' ·fowid to be a 

.. simifiht lirie that extrapol.a.tes reasonably close 'to tbS known a-~ transi- . '. 

tion at one atmosphere. At pressures between the transition pressure and 

20 kba.rs, the lowest pressure to which the XDS"aSutements were made; the 

ytterbium exhibited a conductivity behavior that is twice.l. of' a semiconductor. 

The temperature coef':f'icietl.t or resistance is negative, and. at constant pressure 1 

the resistivity is accurate~ described b;.y the usual e~ntial tempera-

ture dependence cba.ra.cteristia of a semiconductor •. ~ paJ.'"a.Illeter in the· 

e~"c.ial. l-tc>uld correspc>nd to an eilerSY ga.p of" 0.015 ev at .20 kbars, an 
. . 
increase. \-Tith pressure to a~ of O.QSO ev at 37 kbars1 and -then a 

decrease to 0.05 ev{~e.t 45 kba.rs~ . 
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Inti:oduction 

In l954 Bridgman (l) ·published thO pressure·volUI!l3 rel.ationohips 
... ' 

to 39 k.bars and 'the resistiVity to a 'presumptive 98 kba.rs for a. nUIUbG-r . 

. of the rare earth metals. ·. Hie pr~asure scale for the volume work is 

· cor-.rect1 . but .on the resist:iv.tt:t york, the scale lle used is incorrect. In 

the follot-Jing, his figures. are corrected where possible to confol'"l!l to a. 
' . ~· .. . 

.: pres~~a scale b~oed on the bi~th l-:2 and 6-8 transitions oc~uring at 
. ' . . i: .'I . 

. 25~5 and 88 kbar$ respectively.'·.: Particularl,y}intrigui:O.S rtere the results 
~ ' ' ' ' 'I • ' 

·( •. . . .. '. on ytterbi~! 'I:Ie.:fo\md that ~t room tc~ra.ture the resistance of 
' -

. . . . . . ~ ;::. ' . . ' . 

;ytterbium increased eleven-fold at e. pressure of ~.0 .kbars and then rapidly 
I 

dec:reas~d to a. wloo' -which 't-ras. 7gfo ot that at one 'atmosphere. This val~ 

·. ~maiD.ed nearly' constant to about ·ao kbars •. Vereshcbagin et e.l. (2) 

obtained aimilar.resulta and. found that the resistance beyond the peak 
. ' 

remained level.a.t, l.Ga.st to 200 k'ba.rs. Our own '\>10rk indicates a. shallow 

m1njmu:tn at about 80 kbars •. Bo·th Bl"ida;roan and Vereshcha.gin suggested that 

the resis~cance peak ·represented ~. polymorphic . tra.nsi tion. . Recently Hall 

and cmv-orlre:rs (z6 verif-J.ed that a. pbas~' clJ.anae ocm.n7ed, and the c~ata.l 
structure cl:la.nged from face centered cubic to body .cen·tered. cubic. · Such · 

. '· . . 0 
a change is ·know to occur at l atmosphere at a. tmrJPere.tura of 79$ c.·· ' ~ ,, 

'J:he large increase 1il thel resistance of ytte).•bium ,.,as such.:that 
... -.. , 

·. . . . . . . . , . . ·o 
Bridgman investigated the ten~)el"ature coefficient of resistance trom 0 

' ·'' ' 
:•'. . 0 . ' . ;:_;.':. . .. 

~. ·to 200 C at pressures from l. ~.tmosphere to 7 kbara. 'From l atmosphere 

. th:roush 6 kbara, the tempera.ttlre coefficient of resistance was norma.l for 

a. m;;ta.l in that .t..~ resistsnoo inc:rea.aed with the 'ten:\Peratu:re. At 7 kbars, 

there was a. deCl"ea.se in resistance from 0° to lOd>c, and. then the resistance 

s'ta.rted to increa.~e ·in the characteristic- manner of a. .metal. He suggested. 

that Ytter"oium,,.~as 'being squeezed ;Lnto a. semiconducting state. It is this 

",. ' 

., 
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Cal·e ~-i1\l.S taken at temperatures belov1 room ·tel'l'!Jie.:r'O:iv..re. If tJ:;..ere was an . ; . 

' . . 

electrical behavior tr.at 'Vlas cl'iarectcr:lstic of semiconduction, it v1ould 
• ., ' • • • ¥ • • ' • • 

Unfortunately; oUl~ worlt 
·') 

ca.vmot be mdc to join that of ·Bridgma.n since 1-:'a -v1ere re.Gtricted to the 
' . ·'. 

~ressure xegion above 20 kbars. In the region betuee~ 20 kbe.rs and the 
> , •• ···, '! ·' ••. · 

0:-f.)· phase bounda..v.y, yt;terbi·um e:dlibited electrical characteristics~ tbb.t 
.,·,.· ·. ,• 

. ·. ' .. ' 

. .... ·. 

'·. 

.. _:·.· .. · ~··. ·,· .. , . 
tb.? :a.~.eoistivi.JGy and the ~en..:per:11tm·e coefficien"v of resistt:l:n.ce • 
.. ' ·.;.' ,., :.·,,.;.; ·,, .. ; .... ' .' :; ' 

:, r . •'.' ' 

' ; ·~ ~ '' I ' ' ' ' ' I I .· ::' ·· Bzm·cr:linen .. cal · - .· ~ . 
.·:. \ .. ; .:_.·,. ,, ',I 

·~ l •. ; • . I !1 __ • •· •. " ' ' ~ ( I ' 

· • T'n~ ytterbium. used in t.hit:> investiga:tio:n uas obtained :f':rom Research 

Ch~nrl.co.is~·' Pl~erct~,· ~rizo..'t:tp ~ntt was supp~~edl;.· ~9. 9/'b pure. Spectral 
' 1./ • , • 1 , , .' I I . • , J • ~ t • • ' l 1 ! , , I , '< , , , , • , , 1 t ' , , i 

; I I' ~ ·, '>.·• o.l( .·.:.· .. ., .... · ... ::;. 

.tn, o.oJ.5~,; Ca; 0.03%; Fe, 0.025% and Mg, o.ol%. 
\ ... · , .... ·. ' • ~ j . ,, 

All. other elements 't-Iere p:recen·t :.l.n quantities less than tho(;3e de~ec·table 
! ·, : ' • 'I '' , ' : •' ' ~ 

0 0 
~ 0 

, : •· 0 • ' ' ' ' ;; , ' I .: '.: ' , ,
0 

t 1 ' ' • • ' 
1 

' ,; ,_ ~ : i \ : 

by ordin8.:;.ny s~ct:rog;'l"c.phic ~ly'tica.l techniques. 
. . . ' . ' : 

The metal was extrllded 

. . . •,'. 1 I ~ 

15 m:tnu:,ces at 4ct/Jc. 

The Bridgman anvils; silver chloride discs-and pressUre measurements 
'1, '' 'I' .':', 

hs:J~ been described ( ~-). T'ne ~resistance of the saw..;>le 'Was, determined 'by 
. ' ' ' . ' . ·:· ; 

T'.oo current 
, .. · · ... \· 

was obtaiz:l.ed from a regulated colwta:n:G current supply • .. ~.,~" ' . . : , . ~ . ; . . ' ' . ,; ' 
The resistance oi" · · 

'·' .. ··' ... 
. ' • ' . . . • ~ • • • • • 'i • • J 

aiso a contact rasist.a.nce 1 but. bo'uh these coutribut:iono to. the ·l"es:l.stance-
' . : •. ' : : ' • ' • t ' ( ~ ' • ' ~ ' • . . ~ . • ( ! : • 

. ·' . ? ' . : . ~-: r .. ·:~ . '"' ' ,, ,. '' ... ~' 

-·~---

,i_ r 

''•' 
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···: 



~. 

~ ·. . ' 

'·' 

'· 

·,·,,w ' 

',. 

,, 

: l· 1 

''. · .. ·.·· .. 
,, > ; : ~-

:;.; 

',, 

·, 

! 

. i 

,•' 
'\ 

UCRL-10715 

t.hs ~a.dings were recorded, thoase taotors were negl.igible to the accuracy 

· · o~ the tnaa.sureinents. 
. . . . . . 

· . Above raom. temperature. the: entire anvil asseiW:l:cy was· heated by a 
' 

· c~llnd.rical ":furnace. In thase detei-minations, :there vas a· temperature 

gradient in the system. '1'he true values ot the resistance were. obtained ... , ' .. 
1 by averagirlg·tbe readings. obtailled with~ current flowing in o:PPosite 

. . . . I 

'•. ·, 

directions. · The 1sothermal." determinations at dey ice and liquid',~ troge;!n 
I·',' 

temperatures were made 1n 41'¥ ice -isopropyl. alcohol alld'li~uid ~trogen 
; 

batb,s., For. the constant 'Pressure x-Uns, the system was ilmllGrsed in a. bath 
' • • ' • • ' • • • • ; ,•, ~ l • ·~ • ,. • • • • ':. i . ' . 

. . ot Kanolt No. 4o solution (5 ). Tlrl.$ system was quite fluid to t~ratures 
'. ' . . ' .. " ·. • .' . . • . ' . ' '! 

. as lQw as lho~. Te~ratures wre determined with .two copper-co~tant;n 
·. th.ern:ocou.ples _welded to the shoulders ot the anvils, one above, "tbe other 

•· be.low the sample o · Wbe11 there was a temperat~ difference,.· the average i . . . . . . . . 

of the two :reaCI..1ngs Was uae4. · In these cases, the EMF readings were the 

averages ot t1le results. obta1ned with the current ·flowing in both d.ire.ctioD.G. 

'I'he ~t on the anvilS was Cl.eterci1ned with a .200 ton strain gaUge in 

· . conjunction with. a Baldwin :tJ.mt. SR4 bridge·, 'l'.be pressure 9D. the sample 
! • ' . • •• •• ' 

is exactly. lmawn ~ at room. tenu>era.ture. It was assumed that the pressure · 

. ~adient' in .. the system was esr;ent~ zero at 4oo0c. ~- :Pressure &mdient 

was assuma<l to be a linear tw"letion of tba teD:q.>emture~ · 'l!his is almost 

certamJ.y ~o~ect; but 'by the proper choice of the hoop· ra.dius1 the error . ,. 
. ~ . . 

is miriimi$E!do 'ACtual.J¥i tbe preisslil'es vere sufficiently l.o\1 in this 
:_ ' ' I . , • ' • •'. ' 

.. '·.. . . ,•' 
·":"'·,. ·... ; .. 

...... 

~ '. 
~ ~- ' 

· .... ·. •· .... 

. . . ~ . ~ . ' . 

. -... 
"'-;' . : 

... .'\ '• 
':. ... 

' -~ 

·'.1 

.. t < 
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. · · ' FigUre l sh.Ovrs an isothermal de~rmina.tion of tl~a resistance of , 
. . . . . o·. . '. 

yt.terbium as a. £unction o~ _prosst'lre at 20 c •. Tb.1s :curve sb.(n.Ts a.. sharp ... 

b:re~ in tha'resista.nee a.t 4o l(or.rs1 ·the a-f3 tra.nsit:'!.on ... · To ~obtain this·.· 

· s'harp drop, it i.s :necessary 'W we,it. a.bo.ut two hot.U"s :trom the time the 
.' .· ... 
. '1': 

resistance starts to decrease until it becomes a:pP,ro:d.mately constant .. 

T'.a:ia: .is . ~ exce~d.ingly. s1otl. trenSi tion rate. · On decompression,. the ~verse 
. . 

· tr~Sii;ion .does no't occur completely' until the pressure has been completely 
' . . . . .. . . ,· ' . . ' : ·.·· ·· .. : ' . ' . 

. · l."•;moved for at least .several .minutes •. 'l'hus,.' there, is some doubt as to what 
.· .. '. ', .. ' ' . . . '. ' ' . . ' . .. 

the equUibrium values tor the transition are.. In s)?ite of the large . . ' . ' ''·· ' . ' '.! 
. . 

. 'bar-.d.e!'"~. the results on. con.u:?ress:J..on ~e .. highly repro<lucible. Since the 

observed tra:asit:Lo~ pressuree; on compressiQn .e~~a.polate closely to the. . , 

... observed transition pressure at one· atmosphere, it _can 'be assumed that the 
' ' ·,' I ' • ' I! ' ' 

.. wJ.ues .obtained on coll()ress:ion ro.--e eit~r. equilibrium values, or are not 
,'t ' ' . . •' . I ' ' . 

f:e:r removed from these values. Fi~ 2 exhibits some of 'the mea.su.l-ed 
' • . . • i . ' ' .•. . ' 

·. 0'. 0 
. i£:otherma trom. 77 K: to. 600 K. The one atmosphere points are those or · 

'.·. :-: ' 

· Si>edc1.in$ (6). ··.The resistances o:r: the curves at the various temperatures 
' ' . ~ ' . ' . ' 

. ,were deter.cn:tned. from the 20°C e.n(1 20· kb~ value sJ.ven by Bridgman. · 
. . . . . . '.' '~ ,· ·· .. .,. ,;~>-i .. --:· '. . -~ ._. . . . ., . . . . 

" •• 1· 

: . or pa.r'cicula.r interest; are ·:the resistance-tempera:t;ure determinations 
' . . . .. 

! 
I 
\ 
! 

:_ ... 

~t ·constant pressure~·. ·$ome of .these ·results· a~ sho1m in Fig~ 3 whera · 
f 
l 

' ' ' ' . .: . ' . I 
~ 
I . l.og R is plotted against l~. .. B iS the resistanc~ ~ 'ancf T the absolute 

' . . '. ' ' . ' ' . ' . ' ' 

· tc~ra.ture:o·_.· It. is' ;ilmnediately app~e:nt 'that in. all of these determinations·'\ 
' . ' • . I \ 

the resistance· behavior is tbat, t:Yi>ic:a.l of a. semiconductor and not that I i 
. . ' ' • . .. :,ll . ' ' . . . ' . . . f i 

• . '• I 

c>:t·_ a lllata.l~ . Also' it. JShOtlld. be noted, ._that .there .is. ess~ntially li~tle if( j 

.. lln:Y difference in the, re~~s:tance val® -on heat:t.ng. or cooling •.. ·... . ... · ' ''. 

. !, ;. • • • • ~. 
.. ' 

''•·' .~: • ·'·. ' }' J' 

·., . 

t 
t I. 
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result is shOim in Fig~ 4 •. · The points '\.;ere' obtain:Gd on the assumption that 

d.0crease in ;the resistance·' after the· maximUm. failed~ :·Even perro.ittir..g the . 

' 
Sl:i.!ttplc to stay· at pressure for nearly a l:mlf an ·hour shoi-7~d very little 

ei':::'ect on the resistance at 8. given pressure .. · To 'tqait tor the resistance ·. 
' . ' 

.i;c) de~ase 't.o its lov1est Values 'vTOUld have· taken "'3"'Cars at the rate at 

't-l~.:lcl;l. ·the resistance was decreaci:!lg. T'nis very slm.; decrease in. resistance 

could be due to the fact ·that the transition occurs piece--~;ise at •. these . 

lovt te:mpera.tu:re·s~ .· I~ has bee.n obser\i"ed by· us that frequently the bismuth 

i-2 transition at -80°C occurs i,n steps, Some times three pressure incre- ' 

·· n:£:nts e.re needed 'before the ·transition is com.plet,e. One would expect tha.t 
. . . . .. 

th.e slugg-1shi:J.ess .of.~ transition <vtoUld increase· as the :oressu:re is increased 

ah(the temperature is. lowered •. · . '' ' .. 
• •,'. :· ... ( l)tt ·.' 

': · · Of gx<eate;l" interest is the nonmetallic behaVior as s..1.o1m in ?-lg. 3· · 
\ 

. ' 

Tl1<;~ mmd.."'lUlll observed resistance in the system "ro.s 0.013 ohm 'em; ·a. value 

m.ueh too high .for e:a:y metal.;. and cha.racte:ristic of a. very heo.vily doped 
' . 

. . 

SC'J:II.Ple of germa.niWn• . The tenrge:rnture eoef"rlcient. st.1J}porcs the view ·t.baJc. · 
(' ·' 

. tl':t.a. ll:J.!lterial bas become. a seraicoi;Vluot.or. lf the energy gap is computed 

in the usual manner 

R = Ae(Eg/2kT) 

the gap is found to be a strong function of the pressure~ T'.ae results of · 

the calcu.lations are she>w in Fig~ 5· Since the purity of th.is ma/..crial 

is Only 99•8%, it is evident that this gap is not the intriJlsic value, but 
... 
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Evidently t.he:re are some \.l.tl.E:x-pectad peculiarities in the electronic 

r t;:r.-~ctu...--e. of yt.ter·'b:tum.. F"J..rs·t U!t us consider t.:.he Vttlueo of the :resistances · 
"'""'' ' .. 

A ·pe:rusal·of the J.itel"ature shcmo t.J:lat no kn.m-r..'l mgnet;ic clnnge can account 

fc,l~ the magnitude of the chanze observed h.ere.,. a fac·cor of nearly 800. 
' ' . ·, . '• 

l\€·.sona.nce .$ca.ttering (7i\) of the elect:ron. beti·reen the 4f a.:.<1d 5d level again 

·could no-t~ account for this vel7 .large increase • 

'!he ll:Jagnetic suoceptibil1:t>y data. of Leek'": indicate ~cha-'" in the solid only 

1/250 of the 4f electro1'ls a:re ·in the 5d state (8.~). 'lir'ls implies that. ·tm 

b:J.nding is t:r.rougb. the' 6s2 elact:con.s, a binding sim:.tlar to that of ~che 

aJ.kalin:; earth IJ'I..e·tals •. This iat·oo:r is born ou·c by the comprezs1bilit.y o:f 

compressible ~ ~1->.e other .rare eel"'chs he measured~ In fact ~che compressibility 

c•i: YtterbiUm is very closo to tho.t of bru."ium... This means ~chat the original 

conductivity· i.s due to the overltlp of the 6p and 6s bands. 

lf it ia assumed, that tJ:'>..e. band f3tructux·e. of ;ycte:rbium ia represented 

. by the. schema shoi~'ll in, F-ig, 6.; i"c is possible to accoun(t for the observed 
·' 

electrical beha1.'"ior. 

After a smll comp:r<Css:i.on, .: the 6s a:nd 6p ba.n.ds no lov.ger o-~~-erlap, and 

·l;i.::.e ·..ralellce band is· no~t tull, and the 6p is tt'..e conciuct:i.on band. The gap 
!.: 

:l;~c:rea.se~, un~il .. the 5d i~terse;ts "che 6p' 'bo.nd, at which ·time the 5d 'becon0s 
. •t''• ' .. ",, 

... .;he conduction band. The gp.p ~1c:ree.ses as long as tee conduction ba.rr.d is 
... 

' '' 

' ;;, 

6:£>, and dec:r.--casee 'tvhen -'che 5d becomes the conductio:n band. \tJb.eJ:l the 5d band 

•. 



. i 

UCRL-10715 
. ··8-

Conccqucn:t.ly:; the 

ef'f;;:~tive mss of the electron vl5.11 be hi@le:t tili:;m iu "che p-band. 

el.ec·c:ronic t:r~nsi tion to account for the ClJrsto.llogr·aphic trau:.dtion. ./1.11 

ne>l'1'1a1 m.eta.lp ei}'en v1hen ;the pres::.:ur~ in reduce& below the t.re.nsit:i.on r10int • 
. _,/ 

. ; 
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l"lci;-..n-e. 3. REn.dst.ancc-·te~ra.tt.u:e · de"te:~."\lil.ilw.tions fo:~:· yt/rerblum at nc·..rcro.l 
I, 

· pl"Cssures. Circles l--efor· to heating ru.!:J'.s s..nd ·tl~im~G to ceo ling 

.runs • 

. of the o;..,f3 t.ransition •. 

1Ji&Ul.'e 5. Enel;'gy gap of yt.terbiura as a function of l:)l-essurc. 

Wi&-ure 6. · Postualted bru+~lstructure ¢t ytterbium. The energy: go.r' caus:\.nt; the 
/ 

·semiconducting ,behavior is the . trlansJ.e 1o'omtded by the 6s, 6p ~ a.:n.d 
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