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Departrent of Cremistry, University of California,
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ABSTRACT
Two gamma angular correlation distribution cuéves from positron
annihilation in ytterbiﬁm metal were téken at nine different pressures
that ranged from 1 atm. to 80 kbvar. There was special interest in the
region of the,f&c to bec phase tfansition at 40 Xbar. The observed
increase in the widths of the measured curves with pressure could be
entirely acéountcd for by the deérease,in the volume of the qgtnl with

pressure. This indicates that the high pressure (bcc)‘phase of Yo has

only two conduction electrons per atom.

T Present aduress - Department of Chemistry, Drexel Unlver81ty
. anlaae;phia Penna 19104



INTRODUCTION

At atmospheric pressure, Europium and Yttérbium differ from the

other Lanthanide metals in that they do not have 5d electron in the

ground state of the metal. This difference in electronic structure
leads to marked differences in physical properties.' It was postulated
by Héll,'Barnett, and Merrill that Yb reverts to a normal Lanthanide at

the 40 kbar phase transition.’6 The pressures and temper&ﬁures at

which Eu may similarly revert are beyond the capabilities of the

experimental arrangement in use in this laboratory. Ytterbium, however,

can be easily studied, and the discussion is”restficted to this metal.

Magnetic susceptibility measurments by Lock indicated that Yb
metal has a filled Uf shell and, therefore, can have only two conduction
electrons per atom3. A typical Lanthanide has three conduction

electrons per. atom. Ytterbium metal has fair electrical conductivity

" and the predominant carriers have been shown to be’holesz."Under

ordinary conditionsvit has a non-typical Lanthanide crystal structure-
fec, unusually low density and high compressibilityl. Ih most of
its chemical compounds, however, Yb does’exhibit typi?al Lanthanide
behavior. It normally forms compounds of Yb3+.. It éan, hdwevgr, also
form compounds of Yb2+. AThisvlatter is not typical behavior for a
Lanthanide. - -

iAs Yb iélsubjected to increasihgly high pressures, é nﬁmbér_of
changes occur in its propertiesh. Initially iﬁ exhibits an électrical
resistifity of about 30 ﬁéhm-cm, and a positive temperature coéfficient

of resistivity. The resistivity rapidly increases with increasing



prgssure,: Above a'ﬁressure of 20 kbar it exhibits a negative tempera-
ture coefficient of resiétivity. This behavior of the resistivity is
not completely understood. ‘There are at least two possible explana-
tions. Theée are the unlapping of the conduétion bands with pressure,
and én increase in the resonance scattering ofvthe conduction electrons
wiih préssure. The former explanation is genefally accepted._'If that
explanati§n is valid, the data indicate that fcc Yb Seco@esia'semi-
cdnductoriﬁnder preaéﬁre. The apparent band gap inereases with
pressufe up to about LO kbar. At that pressure there is a phase
transition from fcc to bee. Thg bee phase is metallic in nature. At
the phasé transition there is about a 3% decrease in volume. Ytterbium
then exhibits a typical Lanthanide metallic radius. Basing,theiré
conclusions'on a hard‘sphere modei; Hall, Barnett; and Merrill
postulated that Ytterbium does indeea become a normal Lanthanide after
the transitions’s. They;thereque, proposedlthat_in thé high pressure

phase Yb has three conduction electrons per atom. N? direct test of

this hypothesis had been made up to the work presentéd herein.

f

, POSITRON- ANNIHILATION
An energetic positron which enters a metal is thermalized to -
2

room temperature in about 3 X 1of1 sec7. Since the.lifetime of a

10 seca, it is

positroﬁ in a Lanthanide metal is greater than 2 X 10—
probable that a positron is thermalized befbre it annihilates. The
ordinarily observed event is the two gamma annihilation.

In simple metals, after the positron is thermalized it has a

small probability of penetrating to the atomic cores because of simple

v
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Couiomb repulsion. If the cores afe small the pdsitron-will annihilate
predominantly with conductidn électrons. ~ Annihilations with éore 
eléctrons are more probable in transition metals, and there is usually
a considerable background aséociatéd with these aénihilationsf :The
momentum distribution of the conduction electroﬁs ouxside'the'core is
adequatly désCribed'for_the purposes . of this eiperiment by a simple .

free electron modél;'vThat'is, the‘dénsity of st&teébof conduction

‘eleCtrons in momentum space is a constanﬁ up to the Fermi momentum,

“pF’ and zero'above it. The Fermi momentum is given by the expression

pp = h(3n2w/) 3,

where N/V is the densitj of condﬁction eléctrons in real space.

| The ahgula; corrélatign distribution due #o the con&uction
eleétrons‘cén be calculated if it is assumed that the positron equally
samples and does not perturbd the conduction electrons; If,.as is the -
normai case, the apparatus caﬁ'résolfe momentum,fs, 1? one direction

only, taken to be the z direction, then the megsured angulgr correla-

~ tion intensity curve, I(pz), will be

I(p,) = C(pF‘ -p,) » », <pps
=0 | "Pz >_PF’»
where C is a constant determined by the conditions of the experiment.

P, = mcO, O small,

‘where m is the mass of an electron (or positfon). ¢ is the speed of



1ight, and O is the qnglé‘$etween the emitted gammavrays measured in

'the-z dirgction.' | '
The'expected curve is an inverted parabola'which goeé to zero

at the Fermi momentum. A parabola of the expected width.hés been

found for mény metalﬁg-ll; The parabola is invariably superimposed

on a broad backgfound. This'baCkgrouﬁd is presumablyvdue.to annihiia-_

tions wiﬁh cdre electrons. 'If_the‘number.of conduction electrohs

chénges from two to three, és may be exﬁected at’thé phase transition

in Yb, the width of the measured curve will change by a factor of

(3/2)1/3.f-This is a change of over 14%.

"EXPERIMENTAL
The‘poéitron source consisted of about 1.5mCi of "carrief'free“
Na2201. This material was placed between two discs ofvmylar.abouf
6.5mm in diameter aﬁd 0.006mm thick. These Mylar discs were cemented
togethef to form a sealed source. 'This source assembiy was placéd |
. between ﬁwo disés of Yb métal T.9mm in diémetervand 0.18mm thick. The

- high pressurés were applied to this assembly using & set of opposed

Bridgman anvils. The anvils had face:diametérs of 12.Tum. Two

pyrophyllite retaining rings each 12.Tmm in diameter and 0.254mm high

were used to complete the high pressure cell. Electrical leads were
admitted between these fings. This made it possible to monitor the

. ) . ) . Va
electrical resistivity of the sample so that it was known whether or.

not the transition had occurred. This also served as a secondary

check on the pressure.
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The angular correlation apparatus was constructed witﬁ horizontal
slits to take advantage of the small verti§a1 dimension of the sample.
The slits were éach 0.51mm High aha 1.02m from the source. The detectors
were 5.lcﬁ NaI(T1l) scintillators.

It is known from previous experience with a source prepared in
the same way as the one used here that less than one half of one
percent of the non—random.coincidences came from within the Mylar and
NaCl source'material. Also it has been\calculated that less than one
percent of the coincidences which were detected came from annihilations
within the Bridgman anvils. This latter fact results from the iarge
ab;orptioﬂ‘of the gamma rays by the tungsten garbide anvil material.

No corrections were méde fo: these.two,sources-of non-random coinci-
dences.  The data were corrected for rgndom coincidences and decay of
the source. A corfection'was élso made for a smAll angular dependence
of counting rate. This.angular dependehce results from the fact that
ébme of_the gamma rays_werekblqcked by the anvil faces at iafge angles.

None of these corrections exceeded 5%.

RESULTS
Angular correlation curves were taken at nine different_pfessures
ffom one atmosphere to 80 kbar. It was found that the points taken at

angles beyond the central parabolic region could be fit wery well by

“a sum of two Gaussian curves. Gaussian curves were chosen for purely

empirical reasons. Points taken bejond about 11 mrad from the center
of the distribution were fit with one Gaussian. All the points were

corrected for this minor contribution. The cbrrébted points taken
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between S{and 11 mrad from the center were fit wifhva second Gaussian.
Aii of tge{points were corrected for thié éontribution. This was a
large éorrection. The backgrouhd represented by these two Gaussians
is thought to beiﬁhe result of annihilations with electrons in core
states. This.background changed very little with.pressure. " The low
.anglé points, éfter égrrecting.for this backgroUnd, could be fit very
well with an”inverﬁed'parabola.'_The width of this parabola was not
strongly‘depéndent on'éxactly.how the background was corrected for.

A typical angular correlation curve is shownvin Fig. 1. The
dashéd curves are fhe two Gaussians. The lower solid curve is the
invertéd parabola. . The solid curve through the points is the sum of '''''
these thréé curves. |

The widths of fhé fitted Cufves are shown in Fig. 2 as a function

of préésuré. Also Ehown is the predicted behavior of the width. This
prédiétion was based on the free electron theory. Calculgted values
aré‘shown on the assumption of both two and three conduction electrons‘
per atom. An initial density of 6.98 g/cm> for' Yb metal was used.’
The pressﬁre volume data which were used in the calculation are those
of SteVgné.l2 His data extend only to Just past'the phase transition
at L0 xbar. Two différent approximations were used.to eStimate the
density of Yb up to 85 kbar. The upper dashed curve assumes that Yb
- at 85 kbar has the same density as a normal Lanthanide would have at

ks kbér. }This probably overestimates the compressibiliﬁy because the

density éf bee Yb at 40 kbar is still less than that of a normal
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Lsnthanide'at 1 atm. The‘lower dashed curve assumes that the compress-
ibility of Yb from 4O to 85 kbar is the same as the compressibility.of

a normal Lanthanide from O to L5 kbvar. - It is felt that this is a

_more'reasonable,estimate_of the compressibility. Fortunately the Fermi

momentum is sufficiently weakly dependent on the volume that it is

unambiguous as to whether two or three conduction electrons are present.

DISCUSSION
It isfevident from Fig.‘zithat this experiment indicates.that’
thereveredonly'two conduction electrOns per atom in ‘both the,fcc and
bee phases of Yb metal. This seems reasonable in retrospect.
The first published postulatlon of three conduction electrons
per atom 1n the bec phase appears to have been advanced by Hall,

Barnett, and Merrill who determined the high pressure crvstal structure

of Yb metals’6.' They con51dered only nearest nelghbor distances in

_comparison of the two crystal structures. They also,*evidently, assumed"

thst these distences were determined byvthe interectién of hard atonmic
cores. It became necessary fer them to propose_an:unﬁsual mechanism in
drder to explain the“transition from a elose paeked to.a non—close
packed structure'with-increasing pressure. To explain the observed
‘decrease in nearest nejghbor distance they proposed that the stomic
core had changed. - The oniy rationalpchange appeared to be from a .

lh, 2+ core to a (Xe)hf '» 3+ core. The expelled eiectron
would go into either a 54 era6p.conduction band.sinee the 6s band

"is already full. - L s
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This ghahge in the‘éo;e is not ﬁnreaSOnabie. After all, con-
figurations7of‘the'type (Xe)hfnSdOGS2 are the stablevconfigﬁrations
of the free atoms for all of the Lanthanides ekéept.La, Ce, Gd, Lu,
ahd'possibly Tb;l3 ‘Yet, in the metals the -stable configurations are
.of a type'(Xe)hfn~lSdl6s2; except for Eu and‘Yb.which.tend to maintain
a half filled and filled f shell respectively. In most of the
Lanthanidés, then, the'solid.staxe interactions are able to éhift fhe
_ former atémié states enough so that a core with one less f elecfron
than exist; in the frée'atbﬁ is stadble. Thé 54 and 6s electrons in
the metal are, pf course, actually in conduction baﬁds which have
nodal’prope:ties at the core like d and s electrons.

There are some differences; to be sure, between Yb an@ba'typicgl
Lanthanidé such as its neighbor, Tm. Recently Brewerlh has collated
data on-the atomic configurations of many elements. The energies of
some configuraﬁions have been estimated. His work,indkcg%es that for
o anvisolated Yb atom the (Xe)hflh652 configuration lies 3.1 % .2 ev
below the lowest (Xe)hr'35a%6s° configuration and 3.9 * .2 ev below
the lowest (Xe)hfl36526pl configuration. In atomic Tﬁ, on the other
13662

hand, the lowest (Xe)lif configuration is only 1.6265 ev below -

the lowest (Xe)hf125d1652 configuration and 2.7856 ev below the lowest
15,16 |

(Xé)hf126s?6pl configufation. The energy differences are 1.5 ev
o greatef‘in Yb than in Tm. This is a lérge enough difference to suggest
vthé possibility that a 3+ core may not be obtained in Yb metal even
though it is obtained in_Tm metal.

Hdll; Barnett, and Merrill unfortunatly overlooked several other

‘points. One is that although the interatomic distance is over 6a.u.



<

o

probably does not exceed 5a.u. The maximum in the Lf electron distri-

-9~

arter,the_fcc-bcc phase transition, the diameter of a (Xe)hflh,2+ core

bution in such a core has a diameter of less than 2a.u., and the
maximums for the Ss and Sp electrons have diameters of about 3a.u. In
its divalent compounds Yb is estimated to have a dismeter of about

17

ba.u. Such a core can still be accomodated in the newfcfystal

“ structure.

In additioﬁ to these facts, the bec structure may actually ie
considered to be a more'closely packed structuré than fec if a hard
sphere model is not uSed. The fcec structure has lzjﬁearest neighbors
and 6 next nearest neighbors L1% further away. The bec structure has
8:nearés§ ﬁeighbors and 6 next nearest néighbors only 15% further away.
Aftef the phase transition the next nearest neighbors are only 12%
further away than the nearest neighbors were in the fecc structure. If
next nearest neighbor interactions are important, it mo longer becomes.
necessary to invoke any extraordinary phenomenoﬁ in of?er to explain
the transition from a 80 called close packed strﬁéturelto a noﬁ-close
packed structiure under the influence of pressure.

This argument is further supported by the remarkable similarities

betwveen Yb and Sr metals. These similarities are discussed by

Jayargmag.;v Both metals are face centered cubic at qﬂe atmosphere, and
they have similar electrical resistivities. The resistivities of both
increase an order of magnitude between 1 atm. and 35 kbar. Both

appear to be semiconductors above 10 Kbar. Strontium assumes a bee

structure at 35 kbar and Yb at 40 kbaf. Both:are good metals after
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.~ the transition. With such striking parallels it seems natural tb
attempt to e#plain the behavior of both metals by the same mechanism.
Cleariy-any mechanism which explains the Yb traﬂsitiqn on the basis of
' the'promotion’of a 4f electron to a conduétion band is entirely
inappropriaté ;or-Sr. Stroptium hés no electroné which could con~
ceivadbly Be promoted to a.conduction band.

The expianation of the resistance behavior evidently appears to
lie ih“ﬁhé premise thgt the first and second bands are unlapping with
pressure.:'This leads to the semiconducting behavior. The first:two
Bands are strongly overlapved after the phase transition; resﬁlting
ih metallic conductiéniy The phase transition may take place Just
bécause}the newbphaSe'allows'forva loﬁering of the éverage énergy of
the conduction électrons'bécﬁuse of the overlap of the first two

conduction bands.
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FIGURE CAPTIONS
Pig. 1. Angular correlation curve for Yb at 9.7 kbar. -

Fig. 2. - Effect of pressure on the Fermi momentum of ytterbium.
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