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’sémiconducting Region of Ytterbiun.
P. C. Souers apd G, Jura
R Daparmen‘c‘pof”cnemstry and RS
 Inorganic Materinls Research Division . =
. of the Lawrence Radiation” La‘ooratory s

Univcarsit; of Cellfornia - .
Berkeleyh California e

The msistivity of eiemente.l ytter’b:!.um at mom temperature rises by
i 8 factor oi:‘ e:!.even to e ma:d.mxm at a yressure of 1&0 kbars, a "urthvr '

i pressu.ce incraase causes a pclymor?hic transition, fthe new phasa has a-

" reststivity of 0.8 that of tho 1 atmosphere value of the metal, In te

20 kbax-s » the lowest presaure to which the measuremen’cs were made, {he

‘I‘-P diagmm, the phase boundz'y has a nega.tive slope. The phase boundry
| hag veen determined from <190° to 360%, &nd has been found %o be a |
stmigh‘c lide that extrapolntes reasona’b]y close to the known G-B transi-l
'._"'cion at one atmosphers. Ab pressures betveen the transition pressure and
ymerbium exhibited a conductivity behavior that 1s “typleal of a semiconductor. |
The temperature coeﬁ‘icient of resis’cance is negative, and at constant pressure,
| the rescistivity .ia accurately described by the usual exponential texxwra- |
: ture depend'ence” chamcteristic of a semiconductor. The paramster in the
emon’i:ial would correspond to an ener@;y gap of 0. 015 ev at 20 kbars, an
'increase with prassure to a maxinnnn of 0.080 ev &t 37 kbars, and then a |

: decrease to 0.05 eW*a‘t 1&5 k‘bars.



) remaimd nearly ‘constant to a‘bou‘c 80 Xbors. Vereshchagin et al. (2) :
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Im; oduction o

- In 105b4 Bridman (l) published the pressum-vulum relationshins -

%o 39 kbars ana '&;he re.»istivitj to a presumptive 98 kbars for a nunfoer
‘of the Tare earth metala.‘ His pressum sca.le for The volume work is

correct, ’m..'t on tne resist.wrty work, the scale he used is incorvect. Iia ,

’che follow:tng, his mg;ures are corrected vhere possible ¢o confoxm to a

Pmoﬂlu‘e scale based. on the bisnm’m 1—2 and 6-8 ‘c:ansi‘cions mccurimu at
. 2:» 5 and 85 k’bar.; respec‘tiwly. : Pn.r'cicularly;intrigumg vere the rosults

on ytterbxum. Ha fctmd that at room texr@erature the resistance of

L yt%zbium increased aleven«-fold at a p"essure of Lo kbars a.nd then rap;dl;v

'decmased to d mlue which wa.v 79% of that at one atmosphere. This value

R

o obtamed mmilar resul’cs and found ‘chat ’che reeista.nce beyon& the peak
'mmmed leval a.fo lea..‘h to 200 kbars. Our own wox-k-indicates & shallow
j minmum at about 80 k‘bars. Both Bridgma.n and Vera.,hchugin suggested that
"'the res:.s"uance p’*ak represen‘ced. a polymorphic transition. Racently Hall
| emd cmmmers (3) verified thet a phase change ocvurred, and the crystal

; atm.cture changed from face centorod cubic bod,/ centerea cubic, - Such -

; a change 1@ ‘known to oceur at 1 atmf*phere at a ‘b@meratura of 798 C.”

- The large increase :ln She reszstanoe of ytterblum wes such. that

'Bridgmn iuvestigated tha tem)erature coeflicient of resis 'tance from o°

200 C at pressures from l atmosnlwre o 7 kbaxs., ‘From l atmsphere

- . ‘through 6 kbars, the temperatux'a coefficient of resistance was mormal for
- a wetal 4n *i:ha'h Lthe resistanco increased with the temperature. At 7 k’oara,
_ theve was a decreace in resistance fyom O° to 100°¢, and then the registance

' S‘barte& to in_creaée in the cheracteristic manner of a metel. He suggested

*

| that ybterbiun vas being squeczed into e semiconducting state. It 46 this

o
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 behavior ‘i:hz‘t_ifs the pri “W"}Oa@ of this inves “iga'bion. The e;"ﬂ"'best

care wa as, tuke“’x at tempnra‘turg_s celo rso;.z uC.f'}}QZ‘&ZLU.A. . If hore was an

N

'electr:.cal bemviov' tm.t wa..: cw.“actcrlo'txc of’ emconaucnion, i’c woa.ld.

.m. mns«, pmnouxzcea at 'bhe lcm,r wmf‘ ufes Dn”«ortuna :.Clj, our work

x,vr

camnot be mda ‘oo Join ’Lha,‘c of Dmci@nan uince we were resc:‘:.cted ‘to the

- . 3

px‘essm :e don e.‘oov\. 20 kb;.rs. In tue rcgion ‘.etq«.en 20 Lbars an& ‘che
a«-ﬁ phg.se bcmdary, ,r’wcrbmm e::hibi‘oﬂd olec x‘ical ch..ractﬂmstico.tmt

ue:\_ cmmc C’.‘T.Lutic of smxconuucw*a wmh re pecc uO the mgni‘cude of

:
s 4.

*ohe ”’slstwuu .;_d 'i:Le teu.rcbrmurc \.oefﬂciozﬁc of res i ’zance.

! s .
lj PR i . hEN . B P P L T S o

DN L) P Ez'_fgerimmal TR D R S A TS

R 4‘ L S T ‘i S E U B L R ] "- vt

’ Lne ,[t’ccrbium used ia 111 imres i get io vas ob'&,a_.ned. "rom Qesearch

T
o

Chcmc..e.l...; 'Phovnix, Ar..zcma, *vzzd was sumposedly 99 97: pan,. Spéctral

T S

:‘amg'zl,;'-sis orm..d in thls lszo awry 'by ﬂIz*. G@ore;e slm..mofx s‘mxea th.e |

- folwr.mg Lmrhiew A:L, Owlﬁ;, c 2y oéosiz, E‘e, 0&045;3 and r'.fg, o 017%. o

T

All ewef elemonts vere presem in gu..ntiiieu 3.@..-5 uhan '51.0..:@ de tec table

JER I

'b ox‘dina;’y smctm&'mrhic :malym.cal cec‘il,.mucm The ;mw.l vas ex’cmded

'.I.nto wim 0. 003 ;mch in da.aw.oterg az'*rl uxmeulec_i m_an g,on ’c::osnhere for'

‘ 15 mmu‘tﬁﬁ wt 13-30 Cd.

wo oS
1 v

v

;he Bzﬂdgmn awl}..:, i"vcr chloride d.s. 305 - and. pz'es sure measurer;en

,.m% 'beev &eserl‘tcd (!4 )‘ _,‘I‘" '-ﬁesiutance oi‘ ul..e swmlc wag, csternircd ‘by

Ko

.aeaeurlng ’me vol’ua &mp %,n ‘t.:z,, smm&em*s of tLe anwila. me curz*ent"

- we i)btairmd fmm rcgula‘cecl COlmtwﬂf) currexm sunplw ‘I’h@ r siatance m '

o '

the anv': L&; .m d.ﬂecL. centc.cc' 8, M omcr cf 30 m:icro ohm., There was

I*.-x <, - e | ‘ ] B

alao a coawc‘c rab:iscance 3 ‘buw:. bo‘*h 'me*e coaﬁrlbutic“s 'i‘,o ’::b,.. ra.,sistmce

KR L

cre nccligiﬁe smce 'tne ;*eesﬁs* ce of bne smk* tras seveml ohm Since
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| tha rea.dings vere. record.ed, thasa factors vere negligible to the accumcy

"‘:f'ofthemaasurementa. _' o

. A’bove room tenmerature tha entire anvil assembly vas heated by a .
: cylindrical :mmace. In these deteminationa, ,there vas a’ tempemture
gradient in the syatmn ‘.‘Dhe true values of the resistance wers. obtained

by averaging the readinge obtaimd with the currant flowing in opposite

. - directiona. " The :Lsothemal determinaﬁions at dry ice and :Liquid nitrogen

- temeratums wera wade in dry ice -isopropyl alcohol and liquid ni’trogen e
A,‘A:"r‘baths. For. the conatan‘b Pressure runs, th@ "Vs’bem vas, inmersed in & bath

of xanan To. ko solution (5). Tude systen was quite fluid to tempera‘cws
- “‘aa low as ll&ooK Tempera.tures were deternined with o copper-constantin |

o themcoxmlea welded to tha shouldera of the anvils, one a‘oove, the other

| "‘ b@low the samplee When them was & ‘bemperature difference, the average -

‘ of tha two z'eadinga was used.v In these cases, the EM‘ readings vere the

" -?"averages of ’che results o'btaimd with the current flowing 4n 'both directions.
' The thrust on the anv:l.la va.a datemined with a 200 ton s‘crain gaage in |
"con.jtmction with’ e Baldwin Lima SRR ’bridge‘ 'me presaum on the sample

i L is emc‘oly Imawn cmly a‘c rocm temperature. It was assmmd that tha pres.aura ‘

o ,gmdien‘s :m ‘bhe syatem was es&ential]y mro at 1&0000. The pressum gradient

vas assumd to 'be a nnear mm‘bion of the teum)emture 4 ”‘his is almost
L certainly mnoorrect, but by the proper choica of the Boop ¥adius, the exror

IR 18 minimizeao Ac‘cually tha pressures were sufficiant]y low in this

T investigation that these vaﬁ.nt:tans vere 20t too @c‘eat. C
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. Results azw. .ﬁ:iscussion

e {. Figure. Jl._-shovlrs- an :i.sbthemé’.l‘ 'ldetei'mination -';af ﬁ;a.vresis%ance ﬁf . |
E ypterbium as & fundtion of pressure at EOOC,-. . This curve 'showa a sia.;.rp ,
break in -‘che".resisfé.nce‘ at ho Koexs, the' Q- trensition.. To obtain this. -
A‘ sns.rp drop, it is na.ceusary 'to wza:!.t a‘bout 'bvo hour Zrom the time the
| registance starts to d.ecrease until :I.t becomes appm.imately conotantf
'_ .T’m.s is an e,cceedingly slow tranuition m'ce.- On decompreasion, the reverse

! tle.nsmion d.oass not occur. completely until th.e pressure ha.s been co:mlehly

A.':emoved fp’z_'._at Lsasﬁ .sev,@z"alvminute_s, : 'Zh.us,"there is. some doub_t as to what

%:heequilibriim Values- Tor ‘the tz‘ansi“idn'are In s:o"*' of ‘i;he large o

- barz'ier, the . results on compmsm on ax'e hig,hly reproducz.ble. Since the

©temperature. It is mdmmly apparent that 1n.all of these de‘be:mi"iauions

observed transiuon prﬂssures on conxpx'ession extmpolate clo.)ely to the .
-..vobservea tn..nsition pressure at nne a‘tmosphere 5 it cen 'ba as umed that the
i .va.lues .cbteined on conmression ave ei’cher equilibnwn valwas » OY are. no*a
fa.r removed from e,hese values. J“igure 2 exhibi -8 so,ne of the maswed _

;Lssguhemq £rom. 77 -K to 600 K. '.I.'he one atmsphara poin'ts are ’chosa of '

sxied.d:m'g (:‘6) The msistances m 'the curves at 'the vaz'ious temparatures
L were aetem.’med from the 20 C e.nﬁ 20 kbax, value given by Bmdgman
.. Of par’uicular interest are bhe resis’t:a.nce tempere.ture detﬂrminations

T AU b, e ab ot g T oo 2

st ccnstant pressure Some of ‘imese resul’cs are shmm in F'iu 3 wheva

| . log R is plo’cted agains’c 1/I R s the resistance, an@. the absolute

, 'i.}:e resistance behavior is tha‘t t;y?aical of a semicondactor and mt that i
i

c»f‘ a metal.. Also i‘t- Shoum ‘oe noted, ‘that there :I.a essentially lit’cle if

. any a4£Perence in the ?“355,8?91;6& value on heating or cooling. o ;

Cos oL, o W »v(’ feiTn s e ~ B .‘}, . L PR . 1
L T T O A A T T S S . L ’ !
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. The phase.‘t‘mun&azy-ca‘n be obltalned from the data of Fig. 2, an&._‘tﬁe‘
result 1 shown in Fig.‘" L, The points were obtained on the’ e,ssmtion that
| the iﬁhase 'bouﬁéazjf wag the pressure at which ’ché. resistance first sterted
L to decreaée o At liquid nitrogen ten:_oai‘a‘i:‘ure's, ' at%eﬁ@’cs‘ ©0 obtein a sharé
| decrease in the resistance after the waximin i‘g.lle&. Bven pemi'tting the
szwxple to stay a‘c pressure for nee.z'ly & half an hour shove& very little
'. a¢flect on the rauiste.:ace at a glven pressure.: To walt 'Por'the resistance -
to decrease to its lovest values would nave taken years at the rate at
vb.lch ithe'resistauce was décxeasi:ng. m:.s very slow dccr ase in resisgtance
.com.d be due to the fact tha:b the ’bransitibn occurs plece~wise ab these .
: low temerauures., It has 'b"*en observed ‘by us that .;.raqunnu 1y the bismath’ |
.l-u. tmasrbion at ~80° C octurs in steps,- Some times three préssure i‘ncre-:
ments are needed bgfo;‘e‘_the bransz.uion is comple'be.' One would ezr_peot that
‘ v_ "tbx» -éluéglsmaews of cfslf'tmn* ion would increase as ‘the pressure is increased
and. the 'tempura"wre is lowered. ~ T (RS -
& {.T ~ O "grea»e;c" in_’c,erc % is the mnme‘callic 'behavier a8 shmm in Flb. 3.
"”"h'é ‘mcimm observ:'iﬂd resis ‘tance in the sys’ccm was 0.013 ohz: cm, a valae
‘ ‘muoh too, high for any me'tal, and ch..mcteri”tic e:E‘ a very heavily doped
sample pf gemamum. The temmra ure coefﬁtcient suppofcs the view that.
'.tha; mterial has bécome‘- a semlconductor. Iﬁ the energy gap is cemgu‘ted
in tha,usual manner o o _ -
- 2 - Ae(Eg/ékT) .
| the g;ap is foun& to be & strong func'isioa of the pressure. 'me results of '
Thie c@lculatwns are shown in Pig. 5. Bince the purity of this materia,l

‘ig only 99.8%, it is evident that this gep is not the intrinsic value, bub
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"
! Yy

‘rather ms of ‘tm .’m:)arity 3.evels., Cn a m g}zly puri .aa.cd ample, it
%;ould ba expected. that the..,e geps woum be h,.ne’mr t‘a:m that repor‘te&.
here | |

t

.vi&@ni;ly chez'e 'saife S,Gi‘séﬁ une:xbected mculiariuos in %:ze elec ronic
.v“;mq'tm?'\a of ytterbium, W.L:c""c let us c:enuz.dcr u:b.e values of the resio*tan.ces
izzvc)lvcdo Et iés liqwm ‘tha‘c tne 3:&3:‘@ ea.z"i:m lmwe u.-:m'“ ”ﬁ;;pe Gwie u:m r’c:a,es.
..z;:'-m'ms 1 of %ve lit&mvum ‘shovs, dm | ?uamm m@wie chian ge con sccount
”:»rihe “mgni'cuaa of 'bhe cha.nﬂe ab.;cev*v‘,c. m:c\_ P a fac:'tor of n;zarly 800
hesomme gcattering (T) of the a.lec*’"" oa. De‘b.(recn ‘crw hfvam_l 5‘(1_1@37@3. again
cgulﬁ not account for thisﬁ very. W.arge increase. | |

2’1' 25966" '

elec”ommc cm&f;gumtiou O.s. y”c’ccr‘nim :m mﬂ @;cm m’maue iz hi
‘The -mﬂ@e% ¢ sasgep’;ibili'ty data of 10039'1 in&ica* (s u in uﬁ.e solid only o
l/éSO of the Le electzons are in 5d state 1’8) T‘z'.i_s implies that the
vinding is through the 65° elect:mns, o binding :;imilm to that of the
‘eikaline eayth m:a“cals; A.:ih:?.'s letier is bci;m‘clui: by the comgréssibili‘ty of
_y‘f:te;’”oimm._ ; Yj’;ﬁle'fnilvm,‘ acg:ording to Bridgman’s measuicments, 1s much more
cd@resaible_.m %he: bthezf rarve eayths he measured, In fact the compz‘es'sibility

o ytterbiun is very close to thit of barium. This means that the original

~conductivity-is due to the overlap o2 “2; s 6p and 69. b&usa

%

AP 3% is assumed that the band \:mcﬁwe of f’cefmmn 15 represente

3 e =]

by the scheme shown in Fig, 6, it is-'possible to a.ccoung‘c‘. for the cbserved

elecirical behavior. o S : o
After a smll compz*essibn ‘the 68 a,mi 6p bands no lon{;x.v' overlap, end

'é;}"‘;«, 'mlea.ce bana .as x:aow M, am the Gp 1:. che condz ct:"s.on bana. '.E'he @;ap

.
¢

‘ :“;zc*ﬂc a, mﬁl ‘th\. ;d mteruccta c‘i:e 6n Lzm s a%: wxich ume hg, ;& ’occow.,

v

- we coac.uctl.on E}whd. The g,m .hzcr ces a3 lonrr ag the concmc 01031 ba.d is

i‘s;p,v an&l :lecreases when ’che gd be coms the ccmduc’cion 'bazzd. irmen \:he 5&. fbam"i

.
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iotersects the G6s band, the mot .s_.__e P gs:r"b:s.es would :cp:up'g

An apoare 1’1’5 Qmsi’u \“’ h J‘f‘* simple o‘?"‘“?*‘f’e Lhas has Teen prosents.
is the Zact that the resistivity c m&lzwm to rise after the gop beging

te decrease., Thin cen be accounted for in the folloving menwer. The

meliinplicity in the d-} m& is ni[, ey than in the p-bond. Conscquently, the

effective mass of the electrom will be higher than in *'ché p-band, BEecause

the effgctive mags oppears €0 & high power in the &GLJ.li’y of the electron,
it iz not uvorecasonsble That the resistivity lncreases even though the gap has

¥When the techaiques have been further developed than they sre at the

3

present bime, it should vecome possible Lo test whe ther the simple picture

»

Lat kas bee:n presented to explain the semiconduction is coTrect, or ab lca %

compatable with all of the koo facts.
This pleture of ¥oterbiunm 11‘ no vay znegates Hall's proposal of the
. - Y o o ~ )
electronlie transition "cs'acwunﬁ for the ez ys‘l:w.;_logmp hic transi

of *cne seulcarduc ir-u PrRencmneng occurs in the oz-'p‘mse. The 8 phase iz o

aormal metal, even when he prescure is rediced below the transition point.

4_&/

-
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- Figure Captions

a

Resis ac»-presuuro curve for ytﬁefbiua at 20° c.
ResistanceepreSSure curvea r ytierbium at several temperatures.

Reulstﬂncc tempera ture e erm-nations for ytterblum et soveral
N
- pressures. Circles refer o heatlng runs and triongies to coollag

s
-

= ?eﬁnaréture4pressure phase diagram fer ytuerblum ho”lag the phese Line
Cof the awa ranuitéon.

'mnergy gao of jﬁuﬂroium as a fuﬂet*oa of pressure.

Pogbualted ba& “struccure ef yt»erbium.‘ The energy gop causing the

semiconducting ‘behavior is the triangle houﬂaed by the Gz, €p, end

Sd b&ﬁdg. T S et . . .

witA
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