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are, unfortunately, nof compatible with very high piessures at the
present time. The use of single cryétals requirés that truly hydro-
static pressures be used. If hydrostatic pressures are not used,_thére
is a strdné possibility that portions of the crystal will recr’ystallvize‘
'in'new qrientatiOns in order‘té minhnize the strain eﬁergy of the‘speéi-v
men. Tﬁis is dueAfo pfeséure gradiehts and sheér fgrceé in.thé system.
Hydrostatic conditiohé have reportedly been obtainéd at preSéures‘as
high as 60'kbars,l at fdom témperéturé. The 1imit‘at liquid helium -
temperatufes is much lower; if does not-exceed a few kbaré. This is
principally due to the lack of fluid media to tranémit the pressﬁfe:
Evenveléménfal nitrogen solidifies at about BO'kbafs at room temper-
vature.g |

The typeé of»expérimenfs which éan_bé perfqrﬁed to the high pres4v
sure limits.of,static_high pressure experiments are limited by_practicai?
considérations,tb.éxperﬁnents which can‘be performed at room températUre,
or to exﬁeriments whbSe results are not strongiy.effected.by the state
of»stfain of the material under study. Eleétricai'resistancé measure-~
ments, fér instance, are easily pérformea at verj high éreséures.

However, the experiment does not yield much fundamental information

[CH

because of the complex dependence of the resistivity phenomenon on

-basic parameters. S ’ o . ' . "

Study of the anguiar correlatioh of gamma rays from positrons
annihilating with electroﬁs in a metal, on the other hand, is an
appealing experiment to perform_ét very high préséures._ The data can‘-_
be interpreted to give inforﬁafion about the momenta of the free

electrons in a metal. The experiment does not require very pure
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specimens or low temperatures. Finally, the 0.5;1 MeV gamma rays which

are produced by the annihilation event can easily penetrate a moderate

. mass, such as a high pressure cell.

It is the study of the angular correlation of ammihilation gamma
rays which was used to obtain the data preéentéd herein. fhree differ— _
ent metalé were chosen for the ekperiment for three different reasons.

Aluminum was chosen as an example of a "nbrmai" metal in order.tq
comparé the predicted cﬁénge of the Fermi momentum as a function of
pressure with experiment, and to compare the resulﬁs oﬁ our new higher
resolutibn instruﬁent with previous results on.é*iéw resolution in- -
strument.5 |

Bismﬁth was éhosen because it exhibits se&eral high pressure'phaSQS
which are associated with large changes in the electrical'conductivity.
This experiment was performed to see if there are 1arge scale changes in;
the Fermi surface at these transitions.

Ytterbium was chosen because of the postulaﬁed promotibn,of an
electron from a Lf state to a 54 state at‘the phaée transition from.
fee to béc.u_é11ThithranSihion occurs at about'ho_kbar ét room tem-
pefaturé.5o’5l If the postulated promotion did occur it would have a
very large effect on the positron annihil;tion spéctrdm. This experi-- 

ment would constitute the first direct test of the’theorized transition;
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B. THEORY

L Free Electron Theory .
The study of the Angular Correlation of Gamma'Rays'which'are

emitted when a positron:annihilates with anvelectrbn'in a metal is a

tool which can be used to study the distribution of momentum states of

conduction electrons in a metal. In order to understand the results of

such an éxperiment, it is first necessary t0~undefstand what the ex-
pected disfribution.of moméntum states is for Qarious metals. With
this in mind, some elémentary Solid State Physics will be discussed.
firét, beginning with the free electron.theory_of‘metais.

Consider a cube of metal with side length L, volume, V = I0. If
the conduction electrons in thisvpiece of hetal:ére considered to be
under a constant zero éotential, the single electron Schroedinger

equation becomes, _
: h2» _ _ -

v-§;$¢(?)=E¢(r)”

The solutuions of this equationvnormalized to the vblume, V, are

| A 1/2 o
> B w}é(r) = (i/Vj / Cexp(i k.r)_.
The variousi:solutibns are labeled with the wavevectors,ia

Boundary conditions must now be imposed on these solutions. The

often. bised boundary conditions, which are those of requiring the wave-

functions to become zero with zero slope at the boundaries, are un-

satisfactory. This is because it is desired to consider only states in

the bulk of the metal. The bourdaries, therefoié, can not be con-

sidered explicitly. Considering a cube of infinite size is also
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unsatisfactbry because of mathéméticai difficulﬁiés. _If, however, the
cube is considered to be bend around until two oppqsite faces are

Joined tbgéther, one'péir of boundaries is elimihaﬁed. Mathematically

it is possible to envisioﬁ doing this with all three pairs of sides
simulténeéuslj to generate an unbounded finite 301id. After traversing

a distance L in the x,.y, or z direction, the wayefunctionvin such a
gs0lid must be identical to the original-wavefunction. The béundary
conditions then become the so-called periodic Eouﬁdary conditions.

For the x direction, then, ¢K_C;) =% (??SXL);:;The vector"ﬁgniSJa unit

vector in the x direction. This yields the equation

exp(ik-T) = exp({§°(?‘3XL)) = exp(ik-T) exp(ikXL)

Therefore, exp(ika) = 1. This occurs when ka ?_2ﬂn; n is an integer.
) A

J.k

' ~ N )
Each of the components of the wavevector, ¥ = j k + j k 3k ,

Xx vy

must satisfy the relationShip-kx, k kz = O3 iQﬂ]L; ihﬂ/L; *oscesecocs

y)

The numbers kx"k ; kz, along with the spin gquantunm numbér, m_, are

y
the quahtum numbers for the problem. Although k‘is quantized, it is
usually discussed as if it.were continuous. Thié is because of the
very close spacing of the stafes for crystals“éf macroscoplc size.
Using the lihear momentum operator, -iﬁs, the linear momentum,'g,

is found.

BU@ = - w0 (-2

tl

: —
fiky (r)
R
D = fk.

The momentum is linearly related to the wavevector and is indepehdent

of poSition in the crystal.



Similarly for the energy,

2 2.2 o
ge) . > Ak -,
< om ‘% w?( I‘) = om zl/i)(r )

E, = h2k2/2m ' |
Thus the energy has a simple quadratic dependenCe:on thé wavevector,

The energy of the highest occupied state a‘t. 0°K is called the
Fermi énergy, Efo Associated with this energy isja Fermi wavevector,
kf. Ef = ﬁgki/Em. The Fermi momentum is similariy defined. An
examination of the allowed values of X reveals thatvthere is one allowed
valuevbflf for each voluﬁe element (Eﬁ/L)5 of wavevector space. There
are, then,.twq al;owed'states, m. = £ 1/2, for eaéh_volume element
(EW/L)B.of wavevector space. The density of statéé in wavevector space,
o(k), is 2/(27T/L)5° There are N conduction electrons in the metal. The
total volume occupied in wavevector space is'h/fﬂkg; The number of
electrons must equal.the occupled volume in wavé?ector space times the

density of states. - Thus

O R A N S
N_ 5 kG 2/(am/L) ‘,;Tr_e—' kf‘

ke = G/

The Fermi momentum and energy may be derived from this

b, =k, = n(N/ V)2

2.2 2 ’
. - hKk H 2 2
Ef i 2m = 2m (Bﬂ N/V) /5
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Note that althOﬁgh the dénsity of states depends on the dimensions of
the crystal, the maximum occupied. energy staté deﬁends iny on the
concentrétion.of electrons. This concentration may be varied by
changing the number of conduction eiectrons of the volume of the metal,

The numbér of ¢onduction electrons can not generally be changed. The

volume, however, can be changed a'significant_amount for nearly all

metals by the application of very high pressures:

2.7 Real Metals

The above discussion assumed that the conducbion electrons in a.

metal experience zero potential throughout the metal. A little thought

revealsbthat&this cannot be true. There must, fo? example, be near
singulafities in the potential at the nucleué. In addition the'proper’
wavernctioné must be>orthogonal to the occupied cofé states. ‘If the ;
free. electron plane'wave functions are repreéented by Wﬁ » @ new set
of wavefunctions, ¥+ R may be constructed using these fﬁnctiéns and :

the properly orthogonalized set Qf core states, ¢i. These are

£ :
_‘%“?—g‘ 29; [9,0; o
These new wavefunctions can be seeh by inspegtion ﬁo be orthogonal to
all.of the core states. It happens that‘theéé.wavefunctions, which
are known as orthogonalized plane waves (OPW), are also excellent_'
approximations to the true wavefqnctions.overba large fraction of wav¢— 
vector space; | | )
In the interatomic spaces gll the ¢iv arg Vé?y'small and gf will,
be glosely'equal_to.w; . it_is the Behavior of'the conductioﬁ electrdhs

X
in these interatomic spaces that largely determines many metallic



properties. The free electron plane wave:states are pseudowavefunctions.
The pseudopotentials associated with them may be héarly zero. The
pseudopofentials aré the result of considering the energy of the core-
electroﬁ-like part of the OPW to be combined withvthe true potential
to fo?m a new potential. The true potential andAthis energy nearly
cancel out. -

The pseudowavefuncﬁions of electrons in real ﬁetals are not pure
free electron plane waves. The latticévhas an effect on the ele@trbhs

so that the Schroedinger equation becomes

AU(?) is an appropriate pseudopotential with the periodicity of the

lattice.  The solutions to this equation may be written in the form

' L2
wﬁ = g C, ?xp(-l K r}
v _ o .
The sum is over all reciprocal lattice véctors,-agfﬁﬁ =.§; -'85.

If U(?) is'small it'may be considered to be a perturbation on the free -
electron wavefunctions and the ¢ can still geﬁérally be 1abeléd.by
a-waveveétoriﬁg which is equal to the'§£ whiéh.corresponds to thev.

. - o) o
dominant term in the expansion. That is Cy >> 02

. # n. The

result of this pseudopotential.is to cause discontinuities in the
energy vhen ko = % Gn. This is the origin of bandvgaps° This is 1l-
lustratedvin Fig. 1 for a one-dimensional lattice, with lattice constaht
a. The dashed curve in the figure is the behavior expected for pure
free eiectrons. It is shown for comparison. | ,

‘In the case when k§_= ki which occurs whéh.gg = %v@m simp;e per-

turbation theory breaks down. For this particular case two wavefunctions
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' ' : L 2 2
can be generated with distinctly different energies but with CO :.Cm.

It is appareht that one of the wavefunctions should be labeled ¥, and
the other'wén, but the labels cannot be unambiguously éssigned tioone
wavefunctidn@‘or the other. 1In order to avoid;ﬁhis.difficulty, and
" more serious difficulties which occur when U(?) isinotAsﬁa115.? is
restrictédvto values within the WignerASeitz cell‘of the reciprocal
lattiece (the first Brilluon.Zoné). The differenﬁ wavefunctions which
can be constructed from the same set of wavevectors are labeled by
different band numbers, 1. Within a band, 1, E, isa continuéus
function of.QL The exqmple shdwn.in'Fig.vl isniéérawh in Fig; 2 in -
this "reduced zone" séhemeo' |

Tﬁé.perturbation of the free eleétron wavefﬁhctions that is caused
by the poténtial, U(r), leads from an energy which is simply dépeﬁdént
on k2 to an energy which depends iﬁ a'complex way on.zl The resulting.
Fermi surface reflects the éymmetry of the lattice.

In sumary, thén, the wavefunctions of co#ducﬁion electrons are
well approximated by plane wéves in the interatémic-spaces. "QOver a
large fraction of wavevecfor space the free électron theory gives a
' reasonébly good approkimation to the energy and‘mOmentum states of the
conduction.electrons; The free électron theory predicts_a constant
density of oécupied éfates in momentum space up to t he Fgfmi momentum,
énd zero above it. The Fermi momentum is givenbﬁy Py = h(ﬁﬂgN/V)l/B.

CN/V is the concentration of conduction electrons in the metal.
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' 3. Positron Annihilation
If a positron is injected.into_a metai if.événtuaily annihilates
with an electron. This usﬁally reéults in the piéduction of two'gamma
rays, eééh with energy approximately equal to mc ;, where
m = electron mass, c = speed of light. By conservation of momentum,

the sum of the momenta of the gamma rays which are emitted is equal

- to the momentum of the annihilating pair. It is the momentum of the

pairvbf gamma rays, or rather one‘component of it;‘WhiCh is meaéuréd
in the ekperimeﬁt. Wheﬁ the pair annihilates,'thére is a certain
probability that they will have.é total mbmentﬁmAg. ThiS'probabilify
may be represented as p(B). ~This wiil_also'be the probability thaf‘a
pair of gamma rays from the annihilétion event will have momentunlfi

One gémponentbof ﬁhe momentum of the pair'af"annihilatibn photons .
is meésured in the following manner. Two gamma ray défectors, which
are shielded by narrow horizontal slits, are sét at some vertica1
angle, 6 . The angle is defined by the two slits and the source. Since
the gamma rays are knqwn to have momenta of méueach, they must have a
verticai component of me sinf in order for both gammas to be detected.
me sih9= mcO 'in the' limit of small Q.' Whene?er”gamma rays are |
simultanedusly_detected in both detectors, a count is recorded. After
a length of time, the angle is ¢hanged and the counting is repeated.

The number‘(or intensity), I(pz), of eveﬁts which are detected

with the component of momentum p_ is just

I(p,) = Cl}[ / °(p) dp, dp,
- 0O -0 .

P, =m.co
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The firét integration is performed because the detectors are insensitive
to the slight shift in energy thét'is caused bj a éompbnent of momen-
f@m toWérd or away from the detector. The second integration results
because of the effectively infinite hofiiontalveitént of the slits.

If five conditions are met, 'the'-pfobabilit&‘,’"p@?) , may be identified

with the density of occupied electron states, w(ﬁ); These conditions

are:
1) That the positron penetrates to the bﬁlkvof the metal.
2) That the positron haé nb momentum of its own when it annihilates.
3) That the positron annihilates'only with conduction electrons. -
4) . That the positron does not perturb the éénductionvélectron |
states. |

5) -That the positron.equally samples all the conduction electroﬁs.

These cohditions will be discussed shortly, but first it is use-
ful to calculate what the experimentally measﬁred intensity curve will
be if these conditions are met. B

In the free electron approximation, Eﬁ depends.on_|k!, and not on
k -

- :
k. Thus a spherical Fermi surface is predicted. -The density of oc-

cupied states, w(B), is a constant up to the Fermi momentum and zero

thereafteff If the equation for I(pz) given‘above'is expressed in

»spheriéai coordinates, it becomes after one integrafion with an iso-
o o' .

I(p,) = Cef p(p) pdp.

by

tropic o(p),

Since p(p) = @(p), and w(p) = Constant in the interval 0 <p<p,, and :
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I(PZ) = C)+ (Pf." PZ)':_PZ < Pps C1+ =7 C2 : C3

O) pZ > pf °

The expeéfed cﬁrve, then, is an inverted parabéla.which goes to zero
at the Fermi momentum. This is illustrated in Fig. 3. Many metals
have exhibited'this parabolic behavior. The Fefmi moﬁenta obtained
by-this”method along with those predicted by thé free electron theory
are showh'in Table 1. This tends to- confirm thé'validity of the five

assumptions.

That the pdsitron Will penetrate to the bulk of the metal is éasily_

demonstrated using the results of absorpﬁion eiperiments with positrons.'

These experiments indicate that'the energetié positroné used in this

experiment can easily penetrate several tenths of a millimeter'intb the

sample;7 There is no doubt that the positrons penetrate to the bulk of .

the metai. There is almost a problem with the positrons penetrating too

far. This will be discussed further in the experimental section con-

cerned with the range of positrons.

That the positron will have no momentum of its own when it amni- . ~

hilateévis of course impossible. On the average it must have at least

that amount: of energy that is due to random thérmal motion. Since this

" momentum would be small compared with the Fermi momentum, the problem

becomes one of showing that the positron is indeed thermalized before

it annihilates.

w
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Table 1. Fermi momenta by positron.annihilation

Metal | Computed Measured
(number of free (free electfgn) - (positron annih_i_%ation)
electrons) pp (me X 1077) ~ pg (me x1077)
Li(1) P b3
Na(1) | 5.50 o 5.6
Be(2) o T I 7.4
Mg(2) 5.27 5.3
Al(;) S 6.'7l+ _ 6.7
Ge (k) 6 - 68
sn(k) 62 6
‘1.3iv(}5') . . . 621 . _ | 6.1

29

* . .
From Lang and DeBenedetti”” after a correction for core annihilation.
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The thermalization of the positron is not difficult to understand

since it is a charged particle and interacts stfbngly with the electrons

‘and the lattice so that it quickly loses its excess energy. The

probabiiity that a positron will annihilate with an electron is small
enough so that an energetic positron can scatter-an electron without
annihilatihg with it. An ene;getic positron can iose energy by scat-
tering_eleéﬁrons fo empty‘sﬁates iﬁ a higher ene%gy band or to»empty
states.within a band. It can also excite lattice vibrational modes.
Early lifetime measurements by Bell and Graham8 indicated a lifetime
forvpositrons:in'metals of about 1.5 X lO_lO séc.’ The only calculation
of therﬁalization time then available was by DeBenedetti et al.I9 It
indicated a thermalization time of 3 X lO—lo sec in gold. Garwin

pointed out that this calculated time was much too long because the

_calculation considered only the excitation of lattice vibrations (phonons)

after the positron had reached an energy that waé too low ﬁo éllow it

to cause interband transitions of electrons. Iﬁlis by the excitation
of interbénd transiﬁions that the positron quiékly.ioses the bulk of its
energy. The calculation, then, was valid for insulators. In metals,
however, the conduction»electrons have availaﬁlé a.near continuum of
StateS,SO'fhat it is possible for the bositron to lose any amount of
energy to the electrons.  As agaiﬁ pointed out by Garwih, the.positron
cannbtvgain energy ffom the electrons since (at‘O?K) all lower.energy
étates are already filled and any electron can only be scatfered by thev
positrqn to an energy state.abové the - Fermi energy, Ef. " Thus it is |
possible for a positron with an energy of 0.1 eV to lose energy té an

electron at the Fermi surface which may have an énefgy of 5 eV. -
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Garwin crudely calculated a thermalization time of -about lO-lLL sec.
A more sophisticated calculation by Lee—Whitingll.yielded the following
. 15

times for energy loss: 4 eV to 1 eV in about 3 X 10 sec, 1 eV to

-12 "
3 sec, 0.1 eV to 0.025 eV in about 2 X 10 1 sec,

0.1 eV ih_about 2 X 10~
O.025AeV per particle corresponds to a temperature of 290§K. It can be
seen that with a lifetime of 1.5 X 1070 sec, the positron is almost
certaiﬁly thermalized down to at least room temperature°
That the positron annihilates only with ébn&uetion electrons can -

be'shown‘to be approximately true. Tﬁe positrqn, being a positively
charéedfpartiéle, will ha&e a very small probabiiity of being near the
nucleus.  TIts probabiiity amplitude will be large only in the inter-

atbmic spaces; In the'indépendent particle apppokimation, the prob-

ability that an annihilating pair will have momentum-g is proportional-‘

to v
> - P e TN ’ 3—5 2
p(e) = 2 | [ exp(-ip?m) 3y, @)y, () a7
oK | TR
wheré ¢; ié the positron wavefunction and 1W+" the electron wave~
_ K,1! .
function. n, is the occupation number for the state'ﬁ,l; n, = 0
k,? o : k,!

or 1. Since most core electrons have small probability of being at
large distances from the nuclei, their contribution to DCB) is small.
' The transition metals, with large numbers of a;electrons which have a
fair prqbability"of being at interatomic disténées, notably do not
show- parabolic intensity curves.

Theilast two conditdi ons are best discussgavtogether, sincé they
are part of the same theoretical problem. The positron is a positively 

-charged particle, and its introduction into the metal must result in an

X
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increaée in the density of highly mobile conduction electrohs in its

vicinity,. That 'is, it must perturb the electron wavefunctions. This

| will, of course, lead to a considerable shbrtehing of its lifetime in

the metal. - This is confirmed by‘cbmpéring the observed lifetime of

about 1.5 x 10710

sec for metals with the.Valﬁe 7.5 ><']_O—lo sec which
is obtained from theoretical estimates.for aluminum which neglect
coulomb'attraction.8 What effect this will haVe,on‘the momentum of the
annihilating pair is less obvious. |
: : 7

A large number of theoretical paper.s12 have been written in an

attempt to find p(g) for s?ecific metals. - The general results of

" these papers are:

(a) The concentration of electrons in the vicinity of the positron

is much highervthan in the unperturbed metal, ‘This leads to a short

half-1ife of the pbsitron, in agreement with eXperiment.

(b) The momentum of the electrons in the‘viéihity of the positron .é
1ls generaliy'similar to the momentﬁm distribution in the unperturbéd
metal, with a sharp break at the Fermi momentum.‘

(c)__In the vicinity of the positron, there are a few eléctrons
in momentum.states above what is the Fermi momentqm in.the unperturbed
metal,neven at O°K.

(q) - The eléctron'momentum distribution in the vicinity 5f thé
positron_is élightly skewed such that the conceﬁfratioﬁiof low momen-
tumvelecﬁrqhsvis greatest. |

(e) The probability that a positron will amnihilate is greatest

"with'eiectrons of the highest momentum. These.last two effects tend

to cancel out and give an observed. annihilation rate as a funcﬁion of
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momentum which is remafkably»similar.to the momehtum distribution in
the metal‘in the absence of the positron.

(f)  Although theory givés a very good fitvté the low momentum
part of:tﬁe‘cﬁrve,-it has been singularly unable to accu?ately reproduce
the tail'thét is always'observed at high momentéaj This tail presumably
is gué to the positrons anniﬁilatinngith core electrons.

Theofétical calculations, then, confirm tha#“the angular'éorrela-
- tion measﬁrements can indeed be_used-fo.meaéure'thé_general size and,

if single crystals are used, shape of the Fermi surface.
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C. MATHEMATICAL METHODS

1. D(B) and n(g) from I(PZ)

The medsured intensity curve for this expefiment is given by the

I(p,) = C_[ j[ e(p) ‘dpx.dv?y

It is desired to extract the quantity o(P) from the measured I(pz).

expression

This cannot be done analytically unless f(p) is isotropic. That is

o (D) =.D(p). In the experiments which were performed polycrystalline

'samples were uséd.; The use of pblyCrystalliné material insures that

DCB) will'be isotropic. Using an isotropic p(g) the integral, when

expressed in spherical coordinates, becomes,

I(pzl) = 2”_01,{ o(p) p dp.

v p. -
Z

If this is differentiated with respect to P> the éxpression

ey - e -
=Y E@o(p) ) - E) f (0 2B) 4 p(p) ) dp]
v . Jp oz o 2 .

Z

is obtaihed.

aI(p,) RO |
&, T -2m Cip,P(p,),
or
4T :
p(pz = dipz} o QWéIp
: S Z : 17z .

the desired reéult. 
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Iﬁ'is seen, then, that the density of states is simply related to
the derivétive of the experimental curve. Itléhouid be . emphasized
that this relationship is good only under the assumption that p(p) is
isotro?ic. This 1n general means that a polycryétalline sample must
be used. If the sample used is a single cryétal; it is necessary to
use a triél p(g) to calculate I(B%). In the case of a éingle éiystal,
b(iﬁ cannot'be.détermined uhambiguously uriless the positron annihilation
spectrum is measured in at least three differeht_crystal diréctions°
Invoiaer to calculate p(pz) to within a constant_factor; two
quantities must be known; dI(pZ)/dpz, and p,. The slope, dI(PZ)/dpé’
cén be éalculated from the data. 'If the slopes afe approximafed by thev
ordinafy‘method of calculgfing (IéjIl)/(Gg-Gl),fér ad jacent points,
. howévef;-the errér in the slope.can be very'gfeat;  This is especially
true if fhe two points are close'tégethéf, or if éne'of the.péints has
) 1argeﬁérrore' This situation can be improved”coﬁsiderably ifvuse is
made of fhe fact that the intensity is a cdntinuoﬁs function‘of the
angle. - The following interpolation techniquef¢éh.fheh be used. A
point (Ii?ei) is chosen. The "slopes", <In—Ii)/(en—ei) are calculated .
for all points (In,en) within some interval of’@i; {Qn-Qil <A Qmax‘

A continuous smooth function of G—Gi'is then fit through the appro-

priatelyyﬁeighted "slopes", The value of this function at G—Gi =0 is .

taken to be the true slope of the experimental curve at Gi. ‘This 1is
done forbéllvpoints Gi except for the few points at the ends of the
curve where this method no longer gives signifiéantly more precise

values than the ordinary method.
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A program was written to do this on the CDC 6600. The smooth
curve ﬁhich was used in the fitting was a polynbmial in 9—9#. The
degree of the polynomial which was uséd depenéedvén the number of
points.ﬁhich were being fit. In no caSe.did the nﬁmber of independent
coeffigieﬁtg to be determined in thevfitting eiééed half the nunber of
points being fit. | .

pzvmust also be derived from the data. 'Ihis is because p, itself,

or gquantities directly related to it, are not meaSured° Quahtities

related to some A9 = Apz/mc relative to an arbitjary zero are the

measured Quantities.’ It is known, however, that I(9) must be sym-
metricél with respect to zero angle. Since the ldcation of ahgle zerot
is not known from any direct meaéurement, itvis nécessary tofdetermine 
it from the data itéelf. This is doﬁe in thé fdllowing'manheru :An.»
approximate zero angle is in££ially chosen,' .Thé:appropriately weightea
inﬁenéif&,points'are then fit-with a polynomiai.iﬁ the square of the “
angle by the method of least sqﬁares. Fittingtthe measured intensity
with a polynomial in the'square of the angle in$nres that the function
will be symmetric about zero angle. The zeré angle is then changed
and the fitting repeated until a minimum is found in the appropriately
weighted sum of the squares of the.deviationé; N _

A program was written to do this on the CDC 6600. An eleventh
degree pdlyﬁomial in thé square»pf the angleywé§ used in the fitting.
This.is equivalent to fitting with a tweﬁty—séC6nd-degree polynomiél
in,thgiaﬁgle itseif, while'constrainihgkthe éoefficients of all odd
powe;sgfo be zero. ’There ére twelve‘independent coeffiéiénts to be»

used in this fit. bThebtypical measured curve has fifty points. The .
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coeffiéients are, therefore, sufficiently overdetermined so that a
reasonable fit is generated in the main part of,the'éufve. The poly-
nomial does, however, give an unrealistic fit befween the widely spaced
far tail:points of the curve.

Ongewp(k) is known, it is a trivial mannér to calculate the number
of electrons with k values between k and k+dk, 1Tﬁis is Jjust the dif-
ference in volume between spheres of radius k and k+dk multiplied by
the density of states, p(k). Thus

o(x)- (4/5m(lerdk )’ - b/5me)

n(k)dk

1]

p(k)u/3n(k5+ 5k2dk=%’3k(dk)2 + (dk)5 - k5).

dropping second and higher order terms in dk

n(k)ak = p(k)kmE2dk

n(k)

it

unkep(k)

2. Effect of Temperature';i

The expected theoretical curve, which is é parabola.with a sharp'
cut off, will be modified by the finite resolution of the instrument;
This curve may also be slightly modified b& £hekpopulation of‘higher
momentum states at finite temperature. This-élight blurring of the

Fermi surface is described by the Fermic-Dirac distribution function.

£(E) = L
expl (E-u)/kgTI+1
k ='Boltzman constant; T = temperature (absolute).

B

The chémical potential (sometimes also calledithe Fermi level), oy

" is a function of {:emperaturee At O°K, o= Ef. "At temperatures small -

compared with the Fermi temperature, Tf = Ef/kB’ pu is about equal to

- the Fermi energy. Since T, is typically 50,000°K for metals, u
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is closely equal to'Ef at room temperature.
Assuming p = Ef and including the Fermi-Dirac distribution, the
folloﬁing ekpression is obtained for the positron annihilation spec-

trum
. [»)

C.k dk o \ '
I(k,) =C - -, B =8X /om
Sz EU/; exp[kz-.kfe) ﬁ2/2kaT]'%:; 5 -

4

Making the substitution x = ko, this is easily integrated to give

ln[exp(Cgkf?) + exp(Ctx)]

‘ - 2
I(kz) = C)_I_ *m 5 3 Ct =% /kaBT;
k ) .
, : Tz
l .
Cy =5 CaCs -
Now ‘
. o
ln[exp(Ctkf )+ GXP<ctx)]
limit {x- : - — =0
X —> . ct
So T
2 2
tnlexp(Cikg ) + exp(Cik, )] 2
(k) =¢ | - ' : -k
Z L Ct L zZ

As is illustrated in Fig. M, this thermal smearing of the Fermi

surface is'Very small. It is in fact immeasufable with present tech-

.niques in positron annihilation.

The momentum distribution ofvthe thermalized positfon is not

negligible since its entire energy is its kinetic energy.b Sirice only  i
one positron at a time exists, in the sample, ﬁhe'Boltzman distributibni~

may be used to give the average momentum of the pbsitrona
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-Fig;‘h. Effect of Thermal Smearing of the Fermi Surface on the

Angular Correlation Curve.
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. 8k e e |
. by, =\ » m = effective mass of the positron

| sm” \1/? |
i/&.=é- )
v TTTm

S * : 50
Assuming m,/m =.1.9 from Stewart and Shand,
T = 300°K, T, = 50000°K,
f)+/pf = 0.17, an easily measured amount.

This smearing of the momentum,distribntion by the motion of the.
positron may be handled in the same manner as the effect of the finite
angular resolution of the instrument. It is the same order of magnitude
as the.resolution of the instrument.

3, Number of Electrons Annihilating

In éddition to the forementidned’effects, thére is almost always a
tail t& the intensity curve extending_to'very large.angles; This tail
is preéumébly due té:annihilation with core electrdns, although it could
also be due to annihilation with conduction electrons near the core -
where.they have core-like wavefnnctiQné. Whatever its origin, its

. contributipn toithe_Slope‘of the intengity curVe in the vicinity of
zerdiéngle appears tb be small. This;can be true even whén its'con-
tribution to the intensity'itselfiis large. If it is tfue that the.
contribution of this broad background to,theinlobes of tneuinﬁensity
curve in.the vieinity of Zefo angie is smallz‘the slopes in the vicinity
of zero angle should be‘characteristic_df the cnnductiqn elenﬁrons,__If

. 5 . R o
the integral, [ r(x) dk, r(k) « ¥~ p(k), can be reasonably cvaluated,
. 0 : _ S
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it is possible to calculate the numbers of electrons annihilating at
each pressure.
I(k) is the measured intensity curve. Since n(k) is proportional

to k dI(k)/dk, it would seem to be a simple matter to evaluate the

dISkZ

Tk dk either by some algebraic or graphical means.

intefgral éw k
Unfortunately the data is not good enoﬁgh to allOw‘one to perform this
integraﬁioh with an uncertainty of less than 5‘te‘ib%; The integral
4? I(k) dk'on the other hand, is easy to evaluate within a- few tenths

of ‘a percent, either graphically or from the fitfed curve. These

integrals can both be eipreSSed in terms of the -density of states, p(k),

]v n(k) dk =f 2 p(k) dk, aed
o . 0. _
f.:f I(k) dk =-f f k p(k) dk ak.'
O . (0] 0

Thesertwovintegrals appear to be similar; they'can in fact be
shown to be identical. If p(k) is an isotropic,'smooth, continuous
function, as it is expected to be, it can be represented by a poly-

nomial series, P(k) =2 ¢ e

, in the interval O <k < k.. Since p(k)
rapidly approaches zero for large k, ku‘can be chosen to make p(ku)

arbitrarily small, Then, -

(" 2 T “u ~ n-1 - .1 _c 2
kKPk)dk = 4 (=S¢ ¥ ) ak = = c k' ak =5 2 (e,

- . ' n R n _ n n nt2 ‘

0 | o , | o
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. | o _ : _
[ [ ko(k) dk dk =f. “f & Gy k" dk dk

p(k) is the quantlty that is measured at pressure, Do

of the measured curve 1s A

oo

k.

(

Cn
S = (K
L Tl
c
g i)
= 5 2 (k7"
n n+l u
T on+l u
n .
e on ond?
B % n+2. -ku
"
=f k p(k) dk
A ,
Q,- Eo D-

é I (k) dk =

n+21)
n+2 .

The area

n_. n. is the number
pp’. Pp

of electrons which.anhihilate w1th»the electrons.l cpvis a presently

ar (k)/dk = -_ECocpk.

unknown factor to be found

C
o]

1s defined by nf =

If I (k) is parabollc near zero angle,

[) (ka-k k. ‘This
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equation is derived from the free electron‘theqry”of‘metals. n, is the
number.ef electrons which would give the material under the conditiens
“at which IP was measured, a'Ferﬁi waveveetor k. :-co is independent of
the value of n that is chosen, but it is a function of the volume of
the metala The value ©of cp may then. be found from the experimentally
measured dI (k)/dk k, and the. theoretlcally derlved Coe Dy mAY be
found from the equation n = A /c .

These methods can only be used 1f_I(9) is parabolic in the vicinity -
Pf zero angle. If it is not,vmuch of this information cannot be ob-
tained;  The relative_widfhsfof the measured inteﬁsity curves can be

.obtained, hOwever, by ‘the following method.

vH.> Relaiive Widths of Curves

If two 1nten51ty curves are flt w1th m-1 degree polynomlals,

I (x) = 2 v~a‘fn*l
n=1 '
.m n-1

L) =:ﬂ§ - Pp®

the function
Rk ,0,0,) = £ (L) - Cor(cx))P a
%2 C0C2) = o 1\X) = CplplCyx)) dx

describes the mean square deviation between the functiohs Il(x)vand’

IE(Clx) in the interval 0 < x S@fu' This w1ll»be‘a minimum if C, is
correctly chosen to reflect the difference in widths, and C, is chosen
to correctly adjust the relative intensities. By substituting the polj—
nomial sums into the integral the follewingveXpreSSion is obtained.

X
F(x,C,C)=fu(2(a-Canl)nl)2dx.
w1’ ve 0 n=l |
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Let v
" = "_. P n-,vl_
. 8 % 3, “CEVb_-nCl'
h Since _ »
(2 s KhyE 2 2 88, xie
n=1 - ©..on=1 j=1 K .
then
' : X m m- .
, : g - +j =2
F(x,,01,G,) = f (s = snijn I7°) ax
‘ O n=1 g=1 S
ﬁi o _ ’X‘n+j-1 .
- % = ss§ 2o
n=l j=1 g ntj-1
wheI:e
s8, =aa. -G, (a b c +ab c'j l) * G, b b c n+3‘2
ng - nyJ
The function, F,.ﬁ'i-li be a minimum for a given x. and C, when
SR n+j<l - ‘
o3 3 S (e, )
= = e, C 8. .b C n-l + o
€L h=1 ga ML .

+ & bjcg 2(3 1) ¥ Ceb 240 nt3=3 (n+3—2)]

Similarly for fixed_xu}and'cl



nt+j=l -

3 ronoxy n-1 -1 -2
0 = EE‘ = & '2 Ea-:l_- [ (an Cl + anbjcl ) + 2G2bnbjcl ]
> n=1 Jj=1 , - :
or
A m o om n+j-1 - 51 '
. f;ii 521 AT (a bJCl T+ a b Cl )
Co = 5 S m i o
5 = *2— (bb.c ")
n=l j=1 n+j-1 njl -

A program was written for
for’Cl and' C, by the method of
of course, are meaningful only

interval 0<x Slxu;

the CDC 6600 to solve these equations
successgive approximations.‘ The results,

if I1 and Ié are similar in shape in the .



-33-

B, EXEE RmEm‘AL

1, “High Pressie Apparatus

fhe high preSsuré invfhese experimﬁnts wasvgeherated by the Bridg-
man oppoéed'anvil system° This‘éysteﬁ WOrks.inlfhe foilowing manneff
The sample fo be pressurizéd is placed_bétween the flat faces of two
prestréSsed cemented ﬁungsten carbide pieces. .Sﬁrrounding the saﬁplé
is a ring of pyrophyllite (a type'bf volcanic lava) coated with iron
oxide, Akuniaxial force applied along the axisiofvthe anvils causes a
quasi—hydibstatic pressﬁ?e £o be tranémiﬁted to the¥sample. The pyro-
phyllite ring acts aé‘a.gaékef to keépitﬁe sample from extrﬁding from
between the anvil facess. Pyrophyllite'iSvchosenvbecause of iﬁs unusuai
combination of high COmpréssibility‘and'iérge inﬁernal resistance to
shear forées. Tt is coated with iron oxide to iﬁcrease its coefficient
of frietion with the tungsten carbide anvils.

The tungsten carbide inserts are prestresséd in the following way.

_ The tungsten carbide piéces and thé hole in the retéining‘rings (or'jaékets)

into whiéh the tungsten carbide pleces are to bevplaced are machined
with a‘taper of about lf, . The hole is made about 3 mil smaller than the
ingert, Tﬁe insert is iubricated with a fhin coaf of Mblykote* and
forced into the jacket until it is flush with the top of the Jjacket.
This réquires‘abouﬁ 75ﬂtons-of force. The anvil assembly is illustrated
in cross section in vFig.'B. ‘The sample assembly‘éhd pyrophyllite'ring
are shdwnvin Fig. 6. o |
The metal discs whiéh were uéed‘in the positrdn annihilatidn €X~ .

periments were 7 mil thick and just under 5/16 in. in diameter. The

* - 'y
Trademark for finely divided molybdenum disulfide.
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Fig. 6. High Pressure Sample Assembly.
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pyrophyllite rings were 1/2 in. o.d. X 5/16 in. i.d. X 20 mil thick.
The flat faces of the anvils were'l/z in. in diametef. The sources in
the various experiments vgﬁied from 1.0 to 1.5 mCi of "carrier free"
NagQCl. ~In the aluminum and bismuth'experimenﬁs the NaQECl was depositéd
directly on the metal discs by_evaporation_from‘dvneutral aqueous solu-
tion. -The source was then sealed by cémenﬁing fhé two discs together
with epoxy. Because of the reactivity.éf the yttérbium metai, it was
necessary to deposit the Naeacl‘on avpiece of.l/h mil Mylar* which was
then placed between the discs of ytterbium metai; Tests run on a similér
source indicated that thé nuﬁbér of positrons annihilating in the éource
materia;>is certaiﬁly Ieés than 1% of thevtotal,number of positrohs
produced, and therefore entirely negligible for the purposes of this
experiment . |

The pressure.was'célibfated by using the Bismutﬁ IQII, II-IIT, and
ITI-V frénsifions,.which are easily.éeen as discontinuities in the
resistance. The resiétance_of a bismuth‘samplé ﬁés measured as a funcf
tion of the force being épplied to the anfils. -The pressure is found
to bé é nearly linear function of this force. Itvwas'assumed that the
three bismuth transitions occur at 25.h4, 27.0, and 88 kbars.lg-go Due |
to unavoidable_sméll differences in the_geométfy of the high pressure
cell, these points‘are not reproducible to better than +5%. This lack
of reproducibility ig the limiting factor in detérmiﬁing the absolute 

pressure of the sample under investigation.

*
Trademark
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2. Range of Positrons

Whenvenergetic pbsittOns'are injected into a solid they quickly

lose théir»energy to the lattice byla'large nunber of ineiastic collisions

. with the electrons and the atomic cores. In addifion to these collisions

there are'aiso a large number of elastic colliéions which change the
momentum Qector but not the energy of'fﬁe positron.- A1l posifrons,must
traverse_approxim&ﬁelyithe same microééopic path iength before béing
stoppéd in the materia;,ibut their'mécrOSCOpic path lengths can be very
differént. These faétg ieédvtoian ébébrptioﬁ iaw which is very different '
from the eXponentialﬁlaw for gamma or erays. vSQme completely theoretical

21-25  Uitimate-

and some semi-empirical calculations have been reported.
‘ | 22-26

ly the éxpérimentally &etérmined adéorption curvés must be relied upon.

For a monoenergetic.beam of poéitrohs approaéhing ﬁormal to the
surface of the absorber, the absorption curve has fhe general shabe
idealized in Fig. 7. This-assumés that the tfansﬁitted positréns are
measuréd in a 27 geometry. ‘The initiai portion of thevcurve is concave
towérd ﬁhe_origin. This is followed by a long straight section which
is usually extrapqiatéd to an intersécfion wit£ thé abscissa. The

absorbér»thickness‘defined by this intersection is called the practical

range.. - The curve also e#hibits a tail which goés to zero at a point

called:the absolute range.

Kaﬁz'and Penfold7'have coliectea'data from the literature. Usingv”‘
the data which they consideréd to be most reliabie, they found the foi-'
lowing eﬁpirical expréssion_fbr the practical range of positrons in

aluminum to be valid for initial positron energies, E,, of from 0.01

to 2.5 MeV.
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"Absorber Thickness
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Fig. 7. Typical Positron Transmission Curve.



R = 412 EO(1;265-0.Q95A ln(Eq)) (mg/cmg)
The Na22 source used in this experiment.emitsbpositrohs With an
initial energy of 0.54 MEV.27-29 If this value_isfinserted into the

proceeding équation, and if a density of 2.7 g/cm§

is assumed for
aluminﬁm;.thevpractical rangevwhich is obtained is'}82 mg/cm2 Sr
26,5 mil (0.67& mm). This is ﬁuch greater than,the'thickness of the
sample'uéed in this esperiment, Whicﬁ is 7.mil.' itVis worthwhile to
calculate hgw many positrons do penetrate the sémple.

The pfobability*th;t a pésitron will be emitted between an angie e
and 6+4d6 ~from the normal to the surface'of-the sample is proportional-
to the solid angle which is éubteﬁded by theée éngles° The solid angle
is by dgfinition equal to the surface‘area of a unit sphere subtendéd
by the férémentioned:ahgles. The probability is thén

P(6)a0 = C r sinfdbas . r
o fal _

1

= 21C. fe+ ® sinfab
"

i

am ¢, (cosb-cos(6+6))

it

am ¢, (cosf~(cosBcos(df)-sind sin(dad)).

Expanding'the functions of d6 in a power series and drbpping second
and higher order terms in d8,

P(6)d6 = 2m ¢, sinfdd .



-40-

If P(O) is to be normalized to unity in the interval 0 <6 <7 ,

T
1=/ enm Cy sinfab
o)

¢, = 1/(§W')
P(Q )_de= _'siﬁede /2

In order to find the transmitted intensity, it is necessary to

integrate the transmittance, T(8), over all angles. .
ﬂ .
I/Io = [ 1(0) P(6)ab
T

If D is the thickness of the sample, the macroscopic path length is
D/cosf. Assuming the transmittance to be a linear function of path

length from D to the practical range, R,

() = (R-'D/cose)(T’(o)/(R-D));
T(O) is the transmlttance at 6=0.
Assumlng the transmlttance to be zero for a path length greater than R,

1 en@x
the integral becomes X f -D/cosG)T(O)/(R—D) 51n9d 2]
- o)

6 ax i‘svdefined by R = D/co_s@max, 6 oy = cos” (D/R)

The transmitted intensity is then,

1 cos-l(-D/R) - T(O) ‘ o . D gn( _
ﬂ%:f§£ ' @@Amsm R-D 'snﬁwa_wal .RD )
For 7 mil-aluminum, D = 7, R = 26,5, T(O)-=,O.90,

7,2k,46

The T(O) was obtained by 1nterpolat1ng from publlshed data

I/1 = 0.2k | o
In this approximation some 24% of the positrons penetrate the

' aluminum sample. This approximation did not consider the tail of the

transmittance curve which will increase this number, but it_also did
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not considér the'probabilityvthat'é'positron, after escabing the alumi-
num, wili be scattered-baCk into tﬁé alumihum by the tungéten carbide
beneath it. These two effeéts'should tendvto compensate for eaéh'other.
This ansﬁef may be considefed to be essentially:correét.

To be sure 2&% is an'ﬁnacceptably largélnumber_df events to oceur
in othér'than the desifed sample material. 'For£qnétely not néarly'this
number of;uﬁdesirable effects are éctuéliy deteétéd. If an eﬁent oceurs
in the éluminum,‘the pair of gamma rays must penetrate, on the a&éfage,
about 7 mm of aluminum and 5 mm of pyrophyilite,,va an event occurs in
the tungsten carbide,'it must penetrate about 1.2 cm of WC. Note ﬁhat

each individual gamma ray must penetrate only half'this amount of mater-

~ial, but in order to be detected as an event both gammas must escape.

The prObability of this happening is the same asza single gamma ray of
the same energy penetrating the total amount of material mentioned.

Pyrophyllite is a volcanic lava with the appfdximate chemical formu-
la Alao5,usiog-ﬂéo,47 The mass absorption coeffigient of interest for
0.511 MeV gamma rays aréh8

Al 0.079

W (0.20)
C 0.080

0.165
0 (0.08)
si- - (0.08)

The quantities invparentheéis are interpolated from:nearby.elements.‘
For 0.7 cm of aluminum, density = 2.7 g/cm5, I/Id,s 0.86.
For 0.5 em of pyrophyllite, average mass absorption coefficient 0.08,

density.; 2.9‘g/cm;, I/Id = 0,89.
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For 1.2 cm of WC, average mass absorption coefficient 0.19, density =
11 g/cmB, I/1 = 0.08.

The relative measured intensity is then

e 0.082 0.2k o
I, T 08608 * i -o2k T 0.037
L 0.037 _ 0. 056

I+ 1.057
a e - o

About 4% of the total detected coincidences comévfrom the tungsten
carbide énvils. -For the Yb and Bi samples,.the_resﬁlts are respectively
about 1% énd about 0.25% uéing mass-absorption.ébéfficients of 0.25 and
0.21, and. densities of 6.98 and 9.8.

A.M%jcontribution.to the tbtél measured rate is not entirely
negligible;-but it shoﬁld no£ seriously affectlthé:fesults. The tungsﬁeﬁ
carbide ﬁaé Yery low COmpreésibility, therefore its'positfon-annihilatibn
spectruﬁ should présumhbly be almost ihdependeht_of\pressure so that any
change ﬁiﬁh'pressure vathe spéctrum can.clearlyvbe ascribed to the

aluminum sample.
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The physicél cogstruction of the bositron énnihilation angular cor-
relation apparatus is shoWn in Fig. 8. The scintiilation counters are
not shown in this figure. The apparatus was conStfucted to take advantage
of the small vertical dimension of the high preSSure sample in Bridgman |
anvils. The angular resolqtion of the instrument depends as much on the
angular size of the sémple viewed from the slité as it does on fhe angular
size of the slits viewed from the sourée.A The apparatus is simple in
design, yet so cbnéeived as to minimize alignment problems. At the cen-
ter of the apparatus ié.a sléeve'intd which thé Bridgman anvils fit
tightly. ‘The sleeve isAcbnstrucfed such that wﬁén iﬁ is forced déwﬁ
onto thejléwér.anvilvuntil'fhe infer ring in the_éleeve rests on the
lower anvii, the pivot on the outside of the sleeve ié'ééntéred at the
center of the top surface of the lower anvil. Both arms move on this
pivot. .The slits,.which consist of two lead*bloéks’eaéh; sbaced by :
shims of the desired thickness, are pafallél to the bottom of their
réspective.arms; The top surfaces of the lower.iead blocks are at the
same height from the bottom of their respective armé as is the center of
the pivot. Thus,.when assembled, the bottom surfdce of the slits are
always pointed directly at the center top suifaéequ the lower anvil.
The 20.mil slits used in this»experiment, therefbre; point correctly ati
a 20 mil thick sample. . Other sizes are in emroi by ah insighificant |
amount.

Iﬁ operation oné‘afhvis fixed atvah ahgle'apprOXimately 90? to the
pressure fransmiﬁting column. The other arm ié moved varioué amqunts

which are measrued by a dial indicator. The indicétor is fixed
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Fig. 8. Angular Correlation Apparatus.
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' perpendicular to the moVabie'arm'h0,0 in. from thejpivpt‘and measures

against a stationary'surféce. After counting an appropriate lenght of .
time, the counts from each detector and the coincidénces arebrecbided;

The electronie circqiﬁ is shown ithig. 9. - The gamma ray detectors
are‘NaI(Tl)-photémultipliér-preamp‘assémbliés. The NaI(Ti) crystals are
two inches in diametér'ahd.two incheé long. The single'channel énalyzers
are set to_pass signal pﬁlses corresponding toigammé”rays of apprbxi-
mately'0.5'fo 0.8 MeV enmergy. This insures the inclusion of all
O.5llvM€V annihilation gaﬁmas while excluding the 1.5 MeV gammas from
the decayxof Na22 to Né22 and'all'low”énergy gammas from scattéring.of
the positrons and gamma rays.

The:hunber of coincident counts and the total-number of counts
betweén'O.B and 0.8 MeV from each counter are collected in'three.differ-
ent scaléfs° The three scalers and the elapsed timé meter are controlled
by a single mechanical éﬁitch Whichvis dperated by hand, The élock can
be read to 0,01 minute and has at least this aécurady over ‘g 12 hr period.
Sinde ali points were taken with a running time of at least 50 min, the
error in‘rgading the elapsed time is negligiblea’° |

All data were corrected for the small difference inﬁcounting rate

at the movable arm as a function of angle. This difference is presum-

ably due.tb the fact thaf at different angles the gamma rays must pene?"
trate slightly amountsléf mass.  This cofrection is'not largé, amounting ‘
to in the most extreme case 3%.

All data were corrected for random background coincidences. This_‘
correction is easily made sinée the number of random coincidencés is

proportional to the produet of the total number of counts from each
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‘counter. The proportidﬁaiity constant is easily found by measuring

the number of coincidgnﬁés'with the apparatus set at a very large

angle where all the coincidences are presumably random.
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. RESULTS AND DISCUSSION
| L. Aluminum |

Two series of positron annihilation eXperimehts were:pérfbrméd on
aluminuin as a function of pressure; " The first series of experiments
gave anomalous results. When the sample which was used in this first f
series”of experiments wés eprsed, it was observed that at some time the
pyrophyllite ring had rupturedvand considerable eitrusion of the alumi-
num had taken place; thaf is a "blow out" had occurred at some time
duringxﬁhe‘series of‘high‘pfessure experiments.;‘on_the basis of the»
anomalous results it was judged that the "5low out" had occurred early
in the series of experiments. This invalidated‘léter résults. The:
series of experimeﬁts waé-repeated with a.néw sgmple. ‘This sample
consisted of about 1 mdi»of "earrier free" Na22Cl (from Néw England
' Nucleér Corp. ) between two discs of nominally 99.999%lpuré alﬁmiﬁum;
These discs were T mil thick and just undef 5/l6lin. iﬁ diameter.

All'aata points were corrected for backgrbund éounts, angle'attenua;
.tion, and half life of the NaEE source.. The points frém a given pre- |
sﬁre, as explained earlier; were then fit with an eleventh degree-.“
polyndmial‘in the square of the angle.

The fitted curve.and data points -in the pfiﬁary part of the curve
are shown in Fig. 10. These data wére.taken at 85 kbar. The error flags
shown in the figure represent one standard deviation unit. The stand-
ard déviation relative to the ﬁeasuréd intensity is equal to the re-
ciprécal of the square root of the total number of counts which were

accumulated at that angle. Data points from negative angles have been
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plotted as though theyfwéré taken at:é positive angle; that is the

curve has been folded over At zero angle. No error is shown in the mea-
gurement of theiangleyéincéntheVénglegﬁeaéurtng7deviceihas"marks#ﬁt in-
ﬁérvaislcorrespon&iﬁghﬁéfomO&ﬁﬁmilliradiaﬁé (mr)~éﬁayitcié easily read.
to O:f‘@OS-:xﬁrf; o The if ittedh ,curvé‘ ’3'-forr:o?.;13;.b'a;a :sa’.ﬂbez‘:;chmpﬁegﬁ@oﬁ shd & seg- ;

néhb Bcthe Tibted BaSteh 6y O kbar bafove compréseich are ‘also:shown

in Figil0ifor cémhai;hs_cgiifi:' S i;'h.:.the:a'%s;kbé.izlcﬁwe'-.’: ATlncutve dre fiorma-

lizeaﬂtéﬁaniihﬁénsiﬁywaﬁ Qe Zefo.angle;mf'

The‘slopes whichtwer@.ﬁeriﬁed'fram'the“BS kbar Al data are shown

in Fige 11. The sloﬁééfﬁhiéh,were derived from‘pdinfs,from the two

different halves of tﬁevcurve-are-shown.with difféfent symbols. As

in Fig; 1O,Vall pointg ére shown at pésitive anglés‘only, All of the
points.shown have apprdiimately the Same'ébs§lute érror.“ The scatter

of the ébints gives an estimation of ﬁhis.eﬁror.  Th§_st§hdard deviation
is estim;ted to be less than 0.0l in the units uégd; tHis is about 2%

§f the ‘maximum slope."fhe;solid curve. is the anaiytical?derivation of
thé'cﬁ%ve which was-fit ﬁQ:tﬁe originél 85fk5ar data§p6i££s; The solid
curve énd the pdihfs Wefélgﬁtained by'éSSentially di%ferént methods,

yet there is a remarkable degree of correlation between the two. This
tends ﬁo confirm the validity of both methods 6f-obtaining the derivative.
The dashed curve in Fig. 1lla is the analytical derivative of the smooth
curve which was fit fo thé zéré kilobar pointsvtakén_after compression
to 85 kbar. ‘

The densities of sﬁétééﬂﬁhiethere derived from this slope data arev:

shown,in,Fig. lib. The‘probafle errors of: the deﬁéity of state points

are very large at small angles and much smaller at large angles. In
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the vicinity of small angles the smooth curve ié probably more reliable
than the_pointso Also:shown in the figufe afe theoretical curves which
are defi&ed from a free eleetron model of aluminﬁm at 0° K. The theoret-
ical angular correlation curve is assumed to.héve the same intensity at
zero angle as the me&ghtéd-#ﬁrve. This curve, did not take into account.
the angular resolutiéﬁ dfjiﬁe:apparatas. The theoretical Fermi momenta
which afe shown correspondvto aluminum‘with densifieé of 2.7ng/cm3 and
2.95 g/cmB, that is sluminum at O kbar and 85 kbar. The pressure-volume

31

data which were used are those of Bridgman

32

with corrections as‘sug-
gested ijJémieson.

It is evident.frmeFigflllb'thaf the posifrdn annihilatidn curves
which were measured for aiuminum in this experiment do hot reasonably
approiimate those predicted by the free electron theory. It is iﬁ-
poésible_to unambiguo#Sly assign a Ferﬁiﬂmpmentum tofal@minum from
this data,- The Free Elécﬁrdh Theory'predicts that‘the intensity curve
will be parabolic in Shdpe. A parabola was, therefore, fit to thé /
points.' A s points further from the center of;thé distribution were in-
cluded'in ﬁhe fit, ﬁhe width of fhe'fitted paraﬁdla increased., Figure
12 illustrates this. If the points actually descriﬁed a parabola, the
width of the fitted parabola would not be a function of the number of
points used in the fit. = The expected width is that shown by the dashed
line in Fig. 12. |

The curve is narrower than expected. It.seems éossiblevthat,the'
strange shape of the:aiumiﬂum.ihtensity-cﬁrve found here is due to the
state of sfrain of the sample.‘ I. Ya. Dekhtyar EE;E}':55 for example;

found that the pdsitron'annihilation spectrum of aluminum narrows
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considerably when the meﬁal is‘blasfically deformed.
Kuzmiss and SteWartELVfoundva similef effect for aluminum when it
~-was heated. ‘The change occurred well_beiow the melting point, but no
furtherlchange occufred'upbn melting. This would imply that the effect
is‘related to the'concehﬁration;of vacancies or other defects in the
crystal. This also.implies that the positrdne may be attrected to and
bound by vacancies or other defecte° As'this'effect'becomes better
understood,'perhaps it Will‘becéme a tool in the study of these defects.

In contrast to aluminum, Kusmiss and'StewartBh found that bismuth
showed this change on]y'when actually melted and sodium gave the ex-
pected parabolic shape even after it was. melted. MacKenz1e gﬁ_g}.,55'
on the other hend, found no temperature”effect for aluminum, The in-
tensity curve they shdw‘for'aluﬁinum, however, does not appear to be
parabolic. Itlelse is narrower than would be expected for aluminum.
That is, it is rather like the curve we measured. Chen‘g§_§£:86 also
showed an aluminum intensity ceivevat ropm temperature and atmpspherié
pressure that is similar to,oﬁrs.

It Sthld'be remarked in paseihg that we did get one and only ohe
intensity curve for aluminum that was quite parebolic_in shape and of
the proper.width for aluminum, .Thie was: the initiai'zero'pressure run
on the flrst aluminum sample' the one that blew out. This semple was
not made of the 99 999% pure alumlnum, but rather of 5 mil and 1 mll
foil which was previously on hend and of uncertain purity.

All'ef the aluﬁinum inteneity curvee taken from the.second,aluminum
 sample, hoﬁever, are similar in ehape. This makes it poseible to com-

pare their widths by the_preViously explained technique. The results

R SRR 23
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of comparing the width of,tﬁe'curve taken at O kbar after compression
with the widths of all the other fitted curves are. shown in Fig. 13.
3

The interval that was used was O < 6 < 6.75 X 10~ radians. The
probableverror in the width 6f the 85 kbar curVe;ﬁas visually estimated.
The errors at the Sthéripréésures were calculated from this value by
assuming the probable error to be préportiOnalbtovﬁhe reciprocal of the
squargvroot of the time spent in méééuring the cur&é.. The érror'bars

on the 0 kilébar point after compression, which is the fiducial point,{
represehtﬂfhe probable error in the location of the stérting point for
the theorétical curves _The 0 kbar point aftér compféssion was chosen
as the fiducial point "ﬁééaﬁ;s~e it was felt that this point is more
represéﬁtative of thefééé%e:df strain of the sémple.thanvis the initial,
point. The theoretical.curQe is deriVea from the:free eiectrén theory
which predicts thét the Fermi momenthm‘is inversely proportional to the
volume of‘the sample to the one;third power. As béfore the préssure-
volume data that were used were those of Bridgman Qith correctiohs as
suggested by Jamieéon.

It appears that the width of the measured curve scalés.ﬁp some -
what faster than V-l/jb This is surprising since it is expected that

the width of the measured curve would scale up as V-l/5

even if the
narrowing of the curve is due to positrons preferentially annihilating
at vacanéieé. Caléulation of the elecfron wavefunctions at a vacancy
may, to a first approximation, be handled muchjiike the particle in a

/3

box problem. This problem yields a V—l dependence”of the density of

states.
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In_addition to tﬁe’departure frbm the V-l/3 behavior, there appears
to be a pérmanent change in the width of the meaéured curve which per-
sists at.zero pressure. If a wide parabolic éﬁfve is associated with
the contribution due to -annihilation of the positron with ordinary cén-.
duction electrons, and if a'narrowér nonfparabolic contribution is as-
sociatéd with the posifions annihilating with electrons ét a vacancy,
the following explanation can be offered forithé'dé§iaﬁion of the width
of the curve from V—l/3zaé§endence. A lattiéé'wifh:a vacancy is larger
than a perfectly qrderea létfiée'with the same ﬁﬁﬁber of atoms byiéome 
amount, A v. If the pressﬁré is increased an ampunt, P, the internal
energy of the lattice ﬁith“a'vacéncy increases byian.amount Eﬁv relative
to the perfectly ordered crystal. At very high préssures it will be-
come fayorable for vacancieS'fo be destroyéd.. If this takes place in
aluminum it would show up in this experiment as an anomalous increase
in the width of the measured curve., If sbme of the vacéncies were per-
manently destroyed, there would be ‘a width increaée which peréisﬁs at
Zero pressure., This sagrees with what was observed. The argument re-
mains essentially the same . if tﬁe defects causing the effect are not
vacanéiés,'but some ofher type of defects such as plane dislocations.

It should bé.remarked that the expectation of a V"l/5 dependence
of the width of the curVe is an approximation7oniy. Calculations sug-
gest that it is not éxéctly the correcf dependence for the Fermi
momentuﬁ of aluminum. _Ashcrbft57 has found’thét a reasonable fit with
experimenf is obtained for the electron wave functions of aluminum by
using:a weak pseudopotential apﬁroximatibn fér‘an orthoganolized plane

wave (OFW) calculation. A weak pseudopotential méy be written in a
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-i@;-r N
c ¢ s where*Gn is a reciprocal
lattice vector. Only two distinet Fourier coefficients are necessary

'

Fourier series, U(?) = %; U

to adequately describe the pseudopotential used in:calculating the
wavefunctions for the first three bands in aluminum. Ashcroft found

that thé values Uj q = 0.0179 Ry and Upsop = 0.0562 Ry give the best fit

11
38

to existing de-Heas-van Alphen data. Melz’~ has found the pressure

derivatives of these coefficients from de—Haas—vah Alphen'effect studies

to 7 kbar. They are aU P =1.6 leO-h Ry/kbar, and dUéOO/aP =

L

11174
Ry/kbar. Assuming these derivatives to be constant to
3

100 kbar, Burton éalculatqd an average momentum at the Fermi surface

3.1'%X 10”

which ﬁas‘o.ou% larger than that expected from the free electron model |
at 100 kbar. o o o

Thé ektrapblation from 7 kbar to 100 kbar_ié‘a long one indeed. It
is reasonable to expect that the firsf derivatives of the‘pseudopotential
coefficieﬁts found by Mélz will not>be valid af-lOO kbar. It is not
poésible‘té predict in_a'straight—forward wayvfrom aQBiiofi considérations
how fast the pofential will change with preSsuré, waevér, it 1s not |
unreasdnable to expect that it may incfease‘faéter than linearly with
pressufe;"This leads to_an even greater deparﬁure from the Vfl/5
dependencg.

.To the author_"s know_ledgebno one has perforrhgd .a calculation on

the expected ahgular correlation distribution of annihilation gammas

from a positron bound to a wvacancy in aluminum. It is not even certain

that avpositron can be bound by a vacancy in aluminum at room tempera-
ture or above. Until such a ecalculation is performed it cannot be.

sald with certainty whether.or not the strange angular correlation
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curves measured here are due to the postulated pfeferential positron

annihilation at a vacancy.

2fv Bigpmuth

The positron sourcg ﬁor the bismuth experimeﬁt'consisted of about
1.5 nCi of "carrier“pre”'Naaecl'from'New_England Nuciear Corp. This
was evaporated Onto,é'diéé;Of bisﬁpthﬂmefél 7:@11 (O.IfBme) thick and
just under 5/16 in. (0579h5cm) in diameter. A'sééond_bismuth disc was
epoxied to the first;to forﬁ a sealed source. The discs were obtained
by punching them from a 7 mil thick piece of bismuth foil. The foil
was prepared by melting belléts of nominally 99.999% pure bisﬁuth metal
from Coﬁinco American Inc. bgfween two pieces of'aiuminum Whiéh had
been milled flat. Seven mil shims were plécedbbetﬁeen the alﬁminum
pieces on tOp of the tﬁo pieeés to foree the liqdid bismuth to the
proper thickness. Eéghing witﬁ nitrie aéid reveaied that the foil was
largely polycrystalline; as_desiréd. {The grains,_howéver; were quite
large,roften with dimenéibns of a'milliméter or»more;x

All da£éAweré coriédted fdr backgroﬁnd, angle.atténhation, and
half life of the Nageclbsource. The inténsity'curves for two pressures
are shown in Figs. 14. All the points are shown éf.positive angles.
The location of zero angle was found by the previpuSly described tech- -
nique of fitting the points with a polynomial ihlthe square of the
angle. The slopes derived from the O:kbar daté by.the previously
. descriﬁéd.interpolation technique are shown in‘Fig. 15. This curve is - -
typical.of the bismuth curves. TheISlope appears to be linear with
angle for at least the first 4 mr. If this is true the density of

states should be a constant over that interval. 'The density of states
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for the O kbar experiment as a funetién of angle are shown in Fig; i6.
Within expefimental error, which is guite large at small angles, -the .
density of states is.a constant. This implies;thet the intensity curve
is a parabola in that interval, and that a Fermi momentum can be derived
from the data. | |
The data points were fit with parabolas. Ope parabola at each of
the twevpressures shown in Fig. 14 are ehown aloné'with the data points.
The Fermi momenta obtained from the fitted pérabqlasvare shown‘in Fig.
18. The error flags were estimated from the scatter of the Fermi momen-
tum as different numbers of bdmnts were used for the fit. The solid line
in the figure.is the Fermi momenta predicted by the free elecﬁroh'theory.
The free electron calculation assumed that bismuth haé en'initial density
of 9.8 g/cms and that Bridgman's eompréssibilify dataho are correct.
The Bi I-II and II-IIT transitidns at 25.4 ahd 27.0 kbar have been ehown»
as if they were one. 'Bridgman's reporéed volume diseohtinuities at
45 and 70 kbar have been‘Smodfhed'oﬁér becéuse ﬁhefe is_evidence that
'they‘db not actually exist. It'wasvaesumedvthatlbismuth has fiVe con-
duction electrons per atom. | |
Cleefly'the Fermi momenta derived in this_way do not-fit'the free
electron model. A glance at ﬁhe intensity points in Fig;,lhffeveals
why. The'parabolic distributions are‘sitting on ﬁbp of broad back- -
grounds. These backgrounds are presumably due to positrons annihilat?ﬁg_
with core electrons. The dashed curves in'Fig,_i4 are Gaussian curves
which give a good fit to the far tail points of the intensity distribu;,:
tions. A single Gaussian curve was used for all fhe pressures. The

height of the intensity curves were adjusted so that this Gaussian
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curve represehted the'saﬁé percentage area for all thevpressures, about
28%. If it is assumed that this Gaussian cuive.isva reasonable approxi-
mation tofhé core anﬁihilations, and if this confribution is subtractéd
from the measured infensity curves and the remainders fit with parabolas,
the Fermi.momenta which are obtained ére £hose shown in Fig. 19. As

can be‘seen, the agieemént is iméfo#ed considefaﬂly; The reméiniﬁg

lack of‘agreemeht wiii‘be diécussed latér. |

The contribution of the background to ﬁheiélope, density of states,
and number of states are shown as the solid lines‘in Figs. 15-17. A
collectiqﬁ’of the densitiés of states at large angies for all pressures.
are showﬁ in Fig. 20. The curved line is the saﬁé Gaussian as in Fig. 16.
If theisfréight daéhed.linevin Fig. 20 is assuﬁéd to be the contribution
due to core electrons; the Fefmi momenta which are obtained are about
2% higher than if the Gaussian is used. :

TheFﬁumber of eiéétrohs anniﬁilating per aﬁom‘are shown in Fig. 21.
Since theré aré knowﬁ'fo\bé five conduction electrons-annihilating.per
atom mﬁst increase ffom'about 1.5 at Obkbaréﬂto about 3 at 95 kbars.

All these electrons must be 54 dlectrons. Thé other'core electrons are
much too strongly localized to annihilate with the‘positron. The

dashéd line in ¥Fig. 21 gives the number of eleqtfons that is implicitly. 
assumed by thé Gaussian core corfectio_n° .It shduld be remarked_thét |
- the points should only be considered as lower liﬁdts.to the humber of
elecﬁrdns bécause of'the_approximatioﬁsvthat havé been made. An examina-
tion Of‘thé figure reveals that fhe contribution:ofuthe coré probably

has not been takén cqmpietely into aceount for thé fhree highest prgs- .

sureg., This is not unexpected. the average interatomic distance
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changes by about 10% on compression from O to 95'kber. The cencentra-
tion of 5a'e1ectrons at interatomic distances musf, therefore, change
considerebly. This effect alone is enough to aceoﬁnt for the difference
between the theoretical and the exPerimental.cﬁrves. The 55 kbar point-
will stlll ‘be somewhat high, but this must almost certalnly just be due
to random experimental scatter. There is no 1ndlcat10n that there is
anything unﬁsual'abeutithe‘55 kbar intensity curye.“

Iﬁ.eummary, the bismuth data is consistent Qithvthe free electron
theory of metals. The.differences between them eaﬁ.be explained by the
participation of the 5d‘corevelectrons in the annihiiation processa-
Nothing unusual was noticed in going from one bhase of bismuth to

anotheff

3. Ytterbium

Thebpoeitron source for the y%terbium‘expeiiment consisted of
about 1 mCi‘of "carrier free" N322Cl from New Ehgland Nuclear Corp.
_which was’ evaporated onto & 1/4 mil (O 006 mm) thlck disc of Mylar*
about. l/h 1n.(O 645 cm) in dlameter. Thls was placed between two discs
of ytterbium metal 7 mil (0.178 mm) thick and just under 5/16 in.
(0. 794 cm):diameter. The metal discs were eﬁoiied‘together to(form
a sealed source. The ytterbiumv which was used was nominally 99.9%
pure. =TIt was purchased from Research Chemicalsvce: as 10 milr(O,25h mﬁ)é
thick foil and wasvthen-rolled to 7 mil (0.178 mmj thickness. The
discs were then punched from this sheet.

All data points were corrected for beckgrdﬁnd, angie attenuation
and half life. The ytferbium intensity curves could riot be reaeonably

fit by a polynomial in thevsquare of the angle. Even a nineteenth
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degree’polynomiai in the square of the angle failed to give a fit in
which»the‘datarpoints_did hot systematically,deviate from” the fitted
curve;; A slightly different approach was used, 'therefore. The points.
were fit with a polynomial in the absolute value of the angle. A
seventh. degree polynom1al was found to glve an adequate fit. Inrspite
of the fact that the first method gave significantly poorer fits to the
data, the pos1tion of the center of the curve which it yielded dlffered
by an average of only about 0.01 mr from that given by the second
method. The second method does have one drawbech;}it-does'not_have
‘zero slope at zZero angler This severeiy limits the usefulness.of the
derivatives of the fitted curve in the data analy81s. The intensity
curves taken at 0 and 85 kbars are shown in F1g.-22 These curves have
been normalized to equal areas. |

The derivatives of“the intensity curvesvwere‘obtained,by the
previously explained_interéoletion teehnique. _ihe'derivatives'as a
function'of angle for two pressures are shown in'Fiés. 23a and b. ‘It
is observed that the'initial portion'of each ofvthése curves is iinear‘
with angle, as predicted by the free,eiectron theory; .This implies that
the measured'curve is parabolic in this region. .Various numbers of
points eentered about ‘zero angle were fit with parabolas. These fittings
revealed that the measured points deviated randomly from the fitted
parabola prov1ded that no points were used beyond an. angle which
corresponded to the maximum in the slope. Figure‘zhrshows the Fermi “
momenta%which were obtained from the widths of the fitted parabolas.-f
The errors were estimated from the scatter of this width. as different -

numbers_of.p01nts were included in the fit. The two theoretical curves
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which aré.shown are from the free electron fhéory oSSuming'two and
three electrons per atom. An initial density of 6.98 g/cm? was assumed
for Yb :rrietal for the cal.oulation of the theoiretica,l curve. The volumes
which were uéed in the calculation were those of_Btevens.hl This data
only‘exﬁends to about 40 kbars. Two different,aﬁpioxiﬁations were
made for the compression of Yb from MO £0'85 kbars. ‘For‘tho first
approximation"the compressibility of Yb from L0 to 85 kbars was assumed
to be similar to that of nearby "normal" rare earths from O to 45 kbars.
This is hot unreasonable since Yb is thought to become a normal rare
earth at the 40 kbar phase tfansitioh. This-approximation almost cer-
tainly does not overestimate the compressibility and may underestimate
it.. For the second approximation it was assumed that Yb'hasfthe same
density at 85 kbar as it would if it were a'normai rare earth compressed
to 45 kbar. ‘This gives a smaller volume and, therefore,vavhigher Fermi
momentom;' This approximafion probably ovorestimates the compressibility,
’Fortﬁnafoly these theoretical corves are not.Sirohgly.deﬁendont on the
volume. |

Clearly the Fermi momenta points do not fit either the two or three
electron curves. The fact that the experimental values are too large
is not unusual. This is due to the fact that éoie annihilations have
not'ye£ been taken into aCCooni. At very high momenté presumably the -
ohly contribution to the measured curve is tﬂatifrom annihilation of
the positrons with'electrOns in core states.  This contribution should
be relatively iﬁdependént of pressure. Figufe 25 sﬁows the aensity of

state data for all préssﬁres at momenta greater than about 7.2 X 10"5'mc;

A1l data have been normalized to each other by'setﬁing the areas of the -
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measuned curves equal to each other. As Wés diséussed earlier, this
normalization is equivalent to horﬁalizing to.the saﬁe number of elec~
tronsfanpihilating. ‘These pointé_suggéét‘a‘stfaight line. Three dif-
' ferenéjémﬁirical ch£¥ibutidns of core annihilabions to the measured
speét}u@yhave been calculatéd. 'These are represented by.the two dashed
straigﬁt lines andbﬁhe cﬁrﬁed'line7in Fig..25._ The curved 1ine is
obtained from_a Gaussiéﬁ curVe'which'gives a good fit to’the far tail
points,of the intenéity curves. The désﬁed éﬁd'soyid line in Fig. 23
repreéenﬁ the contribufiéns’to thevslépe cdrrésponding to the upper
dashed’line and the Gaussian curve in Fig. 25.  a

The measured intehsity points weré corrected for these contributions
and the ppints fit with parabolas. The Gaussian'correction to the in-
tensity is shown as the dashed line in Figs. 22a and b. The intensity
curves'affer fhis corréction are.éhown in Figs. 26a ahd‘b. :A fitted
parabqla is also shown in these figures. The Gaussian correction is
about L% of the total area of the intensity ¢uryeé. All three cér-
rections yielded similar corrected Fgrmi momenta. The.greatest differ-
ences between the corrected Fermi momenta were for the points at zero
and 85 kbars. The Fermi momenta which were obtained using the Gaussian
core correction are those shown in Fig. 27. If the déﬁsity of states
is that shown‘in Fig.'2§ by the upper daghed lihe, the O kbar pbints
are about the same as those shown, and the 85 kbar point is about 0.1
unit greéter. If the density‘of states used fér the cqrrectidn is that
shown by the lower dashéd line,.the O kbar points are about O,2_units
greater, and the 85 kbar'point'about the samé as that éhown in Fig. 27.

All other points are about the same with eachiof-the three corrections.
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The shift in the Fermi momentum that is caused by any one of these cor-
rections for the core. states is clearly in thejright direotion, and is
relatively insensitive to the exact correction used.

All-of ‘the slope‘vérsns angle.plots seemed to be linear for the
firsﬁ 2 mr. The slope'at 2 mr was, therefore, oéloulafed from a straight
line whicn was fit through the origin to those'noints betwéen 0 and 2 mr.
Using the assumption that this slope is charactefisticvof the conduction
electrons, the number of electrons annihilating at each pressure'were
calculated. The results are ohown in'Fig.v28.: The error oars_reflect
the error in measuring ﬁhe.slope of the curve. The éfror in measuring
the area of the curve is'only a.few tenths of a_péicent, which is
negligiblo compared to the error in deriving the élope.

The first thing that becomeé>apparent upon'eXamination of Fig. 28
in that the number of‘olectrons is larger than might be expected. At
O kilobars it is well established that ytterbinn has only nwo conduction
electrons. Héll effect measurementshg'and positron_lifetime measure- |
ments are consistent with a pictufe of two conduction-.electrons in
ytterbium, Magnetic susceptibility measurementshj show that there are
virtually,no unpaired elecfrons. The‘conclusion must be reached, then,
‘that positrons in Yb at'atmospheric pressure anihiiéte, on the average,
with abouﬁ 1.6 core électronsvfor'every'E O‘conducﬁion electrons; This
is not nnreasonable. It is known that the llfetlme of positrons in Yb
is about 30% longer than in its normal, three conductlon electron, rare
earth neighbors.h9 It is known from theory that the positronolifetime'

should vary faster than the density of electrons in real space for this

range_of.densities.uh Theory also yields a lifefime which is an order

-
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of twiée és long as the meésured lifetime, It becomes apparent from
these facts that the number of core electrons which annihilate with the
positroﬁs must be the same order of magnitude as'the number of conduction
electfqhs. The total number of electrons which is implicifly assumed
by the'GauSsian correction.to the int¢nsity curve”is shown by the
horizbntal dashed lines in Fig. 28. ‘The upper line.éssumés three
conduction electrons and the lower line, two., :These lines appear to be
consistent with the points shown. The estimates méde here of the number
of electrons'per atom anhihilating, however, should only be taken as
lower limits because of the assumptions involved.

'The next questibn that occuré is thaf df‘whiéhvcoré‘eléctrons
annihilate with the bositrons. The positron, being a-positively‘charged
specieé, féhds to stay as far ;way és‘p033ible from the positively
charged-huclei. At these large.distances it will be“Well'sﬁieldéd from’
the nucleus by the core electrbns. Only elecfronsvwhich have a good
probabilify of beilng at'large’distances from thébnuclei will have a
good chance of anhihiiating with thé positroh. Of the core electrons
in sz those electrons in the 5p and 5s states will have the greatest
probability of béing at the distances which are involved, about‘four
atomic t_m:’L_’t:s.l’L5 .The_5p have somewhafvhigher probabiiity than.the o8
electrons. The.probability of a Uf eiectron being at these distances
‘is an;order of magnitude less. Taking intb acqoﬁht the number of
eiectroﬁs océupying each kind of»state‘and their relative probabilitiési
of being'at large distances from the nuclei,ait‘can safely be said'thét
most of the core electroﬁs which annihilate wi%h'the,poéitrqns are

electrons in 5p states. A few 5s and 4f eledtrons alsc annihilate.
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It isAto be expected that the number of core elections annihilating’
will change only slowly with pressure.

Figure 28 shows that the totél number of electrons annihilating
with the pqsitrons is mﬁch greater under the éppiiéation_of even as
little éé 10 kbar than itvis at 0 kbar. If this resuit is compared
with Fig.'27, the explanation which suggests itgelf is that under
préssuré an electron, or an appreciable fraction of an electroh per
atom, is being promoted fo a 5d conduction band. The further slight
increase in the nﬁmbér upon ﬁhe:applieation-of'mbre than 40 kbérs of
pressureuis Just due to éreater annihilétioh With the core electrons.
Only the Ef electrons are close enough energetically to the 5d states
to be promoted to a 5d state. ' - |

In order to:explain this data in a ménner'that is consistent With' 
previous measurements of electrical'resistivity,-Héll effect, and mag-
'netic suéceptibility5 the band.structure of Fig.:29 is proposed. The
probable widths and positions of the bands as a function of interatomic
distance are shown. rp is the interatomic:disﬁéncé at some preésure,-p.
The solid lines show the pmoposed énergies for ah Yb2+ core. The
dashed'iines show the energies for an Yb3+ core. If an electrpn is
transféired from a 4f state to a 54 staté,rﬁﬂé 1eve1§ of all the other
states §hiftf This is because<theléuter'statésfnow see a core of 3+
chargé&iﬁéteadvof'2+ charge. It is effects of this type which make
diagraﬁéiof thg typé'ghown here of limited usefulness. With this in
mind the following exﬁlanafion is offered for the positive pressure
coefficient.of resisti&ity of-YB up to the fcc-Bcc phase.traﬁsitiﬁn

at 40 kbar.
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43 show that about

Magnetic susceptibility measurements by Lock
one Yb atom in 260 has an unpaired electron-in Yb'metal at atmospheric
pressure. Lock's measurement leaves little doubt that at atmoepheric
pressure ﬁhere are about 2.004% conduction electrons per Yb atom. It
is known, however, from Hall effect meaSurements.fhat the main carriers
in Yb at afmospheric preseure‘are hoyles.h2 The number of hoies appear
from the Hall effect measurements to be almost independent of tempera-
ture. These facts indicate that the 5d.band almoet certainly'dverlaps

with the 6s band and that the holes have very‘much lower effective

masses than'fhe electrons. For holes near the_top of a broad band

such as the 6s band in Yb, effective masses of7O.OI or less are not un
common. On the other hand, electrons in a narrow bend, such as the
5d band; may have effective masses of several_hundred° If tﬁe relaxaA,
tion times.are similar fqr the:eiectrons and hoies;the holes can Have
an effeet on the conductance whicﬁ‘is_foﬁr orderstef megnitdde greater
than that of the electrons. | o
Thechnductivity of fcc Yb; then is determined maihi}mby the very
vlight_holes at the top of the 6s band. The electrons in the narrow 54
band haﬁe high effective mass and contribute very little to the con-
ductivity. It appears that unde: the application:of pressure it becomes
energeticeily favorable for 4f electrons from af.least some ofvthe atoms
te tfansfer>to 5d states. This caeses the top of ﬁhe 6s band to fall
below the Fermi level. This causes the destrﬁbtion of holes as elec-
trons fall into the 6s band. As pressure is furfher increased, it
becomes favofable for a larger percentage of Lf electfons,to transfer

to 5d states. This continues until all the atoms have only thirteen

&
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Lf electrons. It is not'enefgtically favorable forra second‘hf electroﬁ
to be transferred to a 5d state, creating a U+ b core. This decrease
in theindmber of holes with preséure causes thé.observed increéée in
résistivity. The negafive temperature coefficient of Yb from 20 to
LO kbar may be interpreted in the followiﬁg ménnér. As the temperaturé
is inéreased,'increased thérmal excitatién of electrons from the tép of
the 6s'ﬁand to aboVé the Férmi energy allowvthéwholes which are created
in thé 65 band tb conduct eleétriciﬁy. The band gap measurement of
Souers6;may'tﬁén'be interpreted as measuring the average energy dif-
ference between the'tbp of the 65 band and the Fermi surface, not an
energy gap in the hormal sense. |

This éxplanation is also compatible with thé‘resistivity-pressure-
temperature measurements on Yb by}MCWhan gﬁ_g}f75 At the lowest
temperatures which they obtained (2°K), the cohduétivity of féc Yo at
| aﬁmospheric pressure is about four and one half érdérs of magnitude
greatér than it is af ﬁ5 kbar. This is consiétent with the estimated
effective masses of holes énd electrons in the.6s_énd 5d'béndé:

After the feec-bee phése transition, the character of the 5d band
1s probably very different. It is likely that the wavefunctions of
the 5d bands still have a great deal of 5d atqmic orbital character
about them, andvare, therefore, quite sensitive.fo the geometry of
the_sﬁrroﬁndihg.afoms.' From the previous arguments on thé_éffective'
masséé of the electrons in the two.bands, it'seeﬁs most'likely that
the metéliic conductivity of bee Yb is due to hoies, or possibly'eQen -
electréns, in the 6s band. This would requiréuthat the lowest. 5d

band be shifted sufficiently far down in energy relative.to the
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6s band so that the Fermi energy lies below the topiof the 6s band.
From the data presented here, it can be said with a fair degree
of certainty that bcc Yb does have three electrons per atom in the
conduction bands, as‘had been proposed. The surpriéing thing is that
fee Yb at 40 kbar also appears to have three conduction electrons_pef

atom.
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IT. MOSSBAUER EFFECT IN Dy~O- -

A. INTRODUCTION

.The MSssbauer effect is.a todi which may bé used to stu&y the.
environmenf of a nucleus; .It is known that a 1argé number of rafe earth
nuclei are exceliént éaﬂdidates fbf observing the ‘MSssbauer effect.
Among these is Dyl6l, which is thé nﬁcleus whicﬁ was cﬁosen for this
experimgnt} -

Early work by'Stone52 indicated that the Mﬁssbéuer»effect of Dyl6l
in gadoliniﬁm metal at very high pressure is-easily measurable at room
temperéturé. His detailed résults, hoﬁever, diéagreed with measuré-
ments made with the same isotope in other environments by other workers°55-58
Since there were several improvements whichicould easily be made on
Stone'sapparatus, it appeared profitable to répeat his experiment and,
if that Were successful, to also extend it to Dyl6l in dysprosium metal
ét high preséures. | |

B. 'THEORY
There are several excellent books and revigw articles which deal

59-61

with the MBssbauer effect in detail. The accéunt given here only
covers thermain_results of the theory_qf the MSssbauer efféct.

The MBsSbauer'effect is a fesonant gamma ray Séaftefing phénomenon.
Thevusefulness»of the effect.fOllows froﬁ the ﬁniquevset of cifcumstancesﬂ
which-ﬁékes the effect possible; Consider é free,nucleﬁs initially in
an exciﬁed nuclear state. Assume that the nuqieqé,sponfanebusly tféns-

forms td‘ﬁhe ground state, emitting a gamma ray in the process. Because

momentum and energy must both be conserved, the energy of the .emitted
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gamma ray, E, must be less than the energy of the transition, Eo’ by

E=E -Ep. E-= EQ/(chg). m is the mass

the rec011.energy, E R R

R’
of the nucleus, c 1s the speed of light.' Cbnversely, in order to
excite a éimilarvnucleﬁs from the. ground state to that excited state,
a‘gamma réy of energy E = Eo + ER is required. Resbnant écattering of
thesé gamma rays cannot_take place unlessvthe Width of the distribution
of the emitted gamma rays, [' , is largéf than the recoil energy.

r > ER. This width is determined by the.meah life; T, of the‘excited
‘nuclear state through the uncertainty principie, T =‘ﬁ. If T is

7

107" sec (a typical value), I' is about 10-8 eV. In comparison, if E

is 20 keV, and m is 50 amu, then E

R R

is.about lO%BteV. :E >>'f ;' This

recoil énergy was thought to make itvimpossiblg'to perform é normai

resonant scattering expefimentAwith’gamma raySJ: |
If'the:nucleus under consideration is nbt'ffeé, but'is'bound in

a lattice, it cénnot'géih any arbitrary amount of kinetic'énergy, Ec.

The amount of ehergy the léttiée_can gain (or‘loée) is éuantized°

When a huéleus which is bound in a latticevemits-argamma ray, there is

a certain»probability‘that the lattice energy‘state after the transition

will be any one of thé states. The salient point is that there is a

certain probability‘that_the lattice will notvchaﬁge its energy state.

- In that case the energy of-the emitted gamma fay'mﬁst be.equal to the

energy of the nuclear transition. E = Eo

. Under:favofable'conditions

the probability of this happening may be very great.. Since E can equal -

EO for both the emission and absorption process, it is possible to
perform the resonant scattering experiment. This was MSssbauer's

discovery.

»
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When this recoilless emission takes. place the width of the dis-
tribution of the emitted radiation is just that determined by the un-

certainty principle, typically 10_8

eV. This often is less than the
splittings.in the nuclear energy levels which are caused by magnetic
moment-magnetic field; and quadrupole moment-electric field gradient

interactions. The energies of the split levels relative. to the initial

unsplit state due to the quadrupole splitting are

By = E%%giji), [3m7 - T(T+1)] (1 + 12/3)4/2

mp = I, T-1, eeeee, I
I = spin. of the nuclear state
Q = quadrupole moment -
' T 2 o . .

eq =V, = O°V/0z", v = electric field, v, | > 1v | > lvyyl

| | Vxx - Vyy s
1 = asymmetry parahmeter = —y 0< n.<1I

o 7z

The energies due to the magnetic splitting are

Ey = -ehytiny

b, = nuclear magneton

g = gyfomagnetic ratio

H = magnetic field magnitude.

Note that the:magnetic splitting creates'EI + 1 states while the
quadrupole splitting only creates I + 1/2 or I + 1 levels. The quadrupole
splitting does not 1lift the degeneracy of states with the same absolute

value of m Both the excited and ground states can be split. The

I'.
possible transitionsvafe goVerned by the selection'rule A mp = 0, #1.
The magnitude of the splitting in thevcase.of'mixed magnetic and quadru-

pole épiitfings depends on the relative orientations of’the.magnetic
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field and the electric field gradient. 'The’splittihgs are illustrated
>in Fig, 30‘ for a nucleus with spip 5/2'in both the excited state and
in‘the;gréund sfate. -Also shown are the seveﬁ_éliowed tranéifions fbr
qﬁadruﬁole Splitting and the sixteen allowed trénsitions with pure
magnetic splitting or:mi#ea,quadrupolevandvmagnetic’splittingé} The
figure shows the magnitﬁde bf the splittiﬁgs,to-be £he same in both
‘states. This is not the general éase° | | |
Note that the splittings do not chahge thevenergy difference between
the centers of gravity*bf»the two nucleaf states; This energy difference
can be éhénéed an amoun£<Aﬁ*if thé nucleus in the excited state is difai
ferent in size from the_nﬁcleus in the ground:sﬁate; This shift is due
to the electrostatic intefaction of the nucleué_with the electric field
due to'tﬁe electrons at tge nucleus. To é.first apﬁroiimation,
AR |
R
the size of thé nucleus, ¢?(O)‘is the electroﬁ charge density at the

AE «- w? (O)f' | AE is the energy shift, _AR is the change in -
nucleus,b This energy change 1is calléd the.chemiéél shift.” The origin
of this terminoloéy'is-clear since ¢?(O) is différent in different
chemical envirohmgnts.»

If there are‘enérgy shifts‘and/br spiittings, they tend to shift
. the enefgy states.of a hucleus in one envi;onmen§ off resonance with a
gamma ray emitted by a similar nucleus in a different environment. The
gamma ray can be shifted in energy to bring it back intovresonancé by;'
the simple expedient of moving the scatterer with reépect to the énﬁtterf
This Doppler shifts the energy of the emitted gamma ray an amount AE.
AF = E'v/c; v is the Doppler velocity. The vélbcities normally

required are quite small, a few centimers per second. The required



-7~

:qudiu:iole Magnetic

Initial
States  Splitting Splitting
Ve '5/2.
/
4
/ .
| { e
7 t>(' — -3/2
TS < Hoe - 5/2
\\-~ i P 111 . "/2
| FEHE 3/2
(T 172
[ | l"
y -5/2
. // : LI
.‘,, < .
// .\\\/’ ‘Lﬁ '3/2
- Z 7
RN~ <N 5/2
- ~ - 3/2
72

- XBL 707-1490 |

Fig. 30. Splittings of Nuclear States.



_98_

velocitieé are unusually large for Dy'l6.l being as much as +25 cm/sec.
The experiment is normally performed by measuring the1intensity of
the radiétion transmitted tﬁrough the écatﬁerer‘as'a‘function of the
relative ?elocity of the source and scatterer. A typical Mdssbauer
curve will show a minimum in the transmitted intensity when the resonant
scattering is at a maximum. The velbcity scale'is linearly related.to

an energy scale, AE. v =cAh E/E.

. EXPERINENTAL
The ﬁigh pressﬁres were produced using oppqsed Bridgman anvils.
The flat faces of.the anvils weré>5/8 in. in diameter. vThe.sourcé
consisted of a piece of gadolinium metal 3/16 in; in diameter anﬂ 15 mil

thick which was activated by irradiating for a month at a flux of about

b5 X lOlu neutrons/cma/Sec in the Arco reactor. This produced Tb161
by the reaction cal® + n o atel. hmin 161 B”. Terbium-

61 - 7 day Dy161 + B, The Dy161 i

161 undergoes the redction Tbt
produced in an.excited state. The gadolinium was.phrchased from
Research Chemicals Co. as 99.9% pure 20 mii thick gadolinium foil. This
was rolled to 15 mil and the 5/l6bin. disc punched from this. The
pyrophyllite ring, which surrounded the source‘to cémplete the high
.‘pressuré cell, was 3/8 in. o.d., 3/16 in. i.d., and 20 mil thick.
The.veiOcity speétrometer Which was used was a cam~-driven constant
velocity.type. It is showh sbhematically in Fig.v51. The cam.con-
sited.of two circular sections and two spiral sections with transitions
regions between. The cam was so shaped that it.had'é»constant‘diameter.
This allowed a cam follower on each side of the cam to maintain con-‘

tinuous contact with the cam. The velocity Vs €am angleiprofile of



Fig. 31. Cam Driven Constant Velocity Mossbauer Spectrometer.
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the moving carriage is éhbwn'in Fig. 32.  The magnitude of the constant
velocity'depends on the speed of rotation of the cam{ In the transition
fegions the Vélocity vs angle motion of the scatterer is in the form of
a section ofban_offset sine wave which éonnects-smopthly'with the two
adjacent cénstant velocity sections. ‘The total rahge of mdvement of the
scatterer was 2.865 inf'(7.291 cm). |

The‘cam was rotéted with‘gonstént veldéity by a Bodine.Electrid Co.
type NSH755RH 1/4% horsepower D.C. motor Qith éh iB;i gear‘head. iThé
speed was controiled ﬁith a Minafik Eleétric Cp. model SH-63 solid state
spéed ébntrol.‘ The speed contfol makes it possible to setvthé speed of
the motor to any desired value. ‘The controlris SO'deéigned thét thé
speed_of-the motor remains cohstaht under changing.torquevloads. De-
pending.on the speed range to be co&ered, the oufput of the'gear head
Was putvtgfough a further redﬁction bf?50:l or iO:l or was coupled
directly (1:1) to the cam. The maximum positive velocity obtainable
was aboﬁt‘48 cm/sec-with the direct ébupiing. if'ﬁas.pioportibnally
less with the gear reductions. The minimum velocity which was dbtéihgble
was about 0.05 of the maximum for a given gear rétio. The velocity
increménts,between the maximum and mihimum éan ih.principle be of any
size. In practice the increments cannot be sét with an accuracy of
better than about 0,005 6f the maximum, The éverage velocity can be
measured to about i0.00l.cm/sec. | :

Thé electrbnic set up used in the final series of experiments is
shown'in Fig. 33. The pulse height analyzer was used in four,.one-‘.
hundréd.channel segmenté iﬁ the normal pulée height analyzer ﬁode.:'

The photodiodes, in conjunction with the mechanical light chopper on
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the same shaft as the cam, were used to sense the angle of the cam,

‘Their output was used to control in which quadrant bf the pulse height

analyzer the incoming pulses were counted. The four quadrants corre-
spond to the'+V,:-V, zero, and transition regions of the cam. The

pulse height analyzer was a Viétoreen model ST4OOUC, four-hundred

~ channel ranalyzer. The switching circuit was a solid state circuit,

LRL number 886382, The control circuit was a homemade device constructed
from a nuﬁber of mercury wetted reed relays which was ﬁsed, ih conjuan
tion‘with a microswitch acti#ated by the cam, to start and stop the
counting:with the cam in the same position. If also measured the total:
time-SPeﬁtzin measﬁring»éach set of.velocity pointé and counted the
number-ofvrevolufions that thé cam made in that time. ' These data were
necessary'in ordef to calculate fhe averagebvelocity of the absorber fér
those ﬁeloéity'points. The pre-amp was an LRL number 11x47308-1D FET
pre;ampiwith.é cooled first sfage.‘ Thé.detector'Was a lithium drifted
silicon detector with one centimeter diameter actiVe area made at LRL.
The amplifier was a Model VI linear amplifier,'LRL numbér 3x94olk,

Figﬁre 34 shows the gamma ray speétrﬁm obtained Qith this set up.
This éﬁécﬁfum was takeﬁlthrough the scatﬁerer. It is. composed of‘the
sum ;f‘ﬁhé counﬁs'iﬁ'fhe four quadrants of the‘PﬁA summed éver several
différéﬁtlvelodiﬁies of“thevscaﬁteier.. The soﬁrce ﬁas at 60 kbars. The
peak-aréﬁnd changél ég,is the 26 keV Dyl6lvMﬁssbéuér gamma. The peaks
in.thé,vicinity Qf éﬁanhels.65 fo‘85 areJQarioﬁéleréys and‘the e kev‘
gamma'ﬁhich is pfoduced'whén Dy'l6l decays from the:75 keV to the

26 keV level.
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e | vD. RESULTS AND DISCUSSION
Several attempts were made to dupllcate Stone's expérlment 5 The
source.was.prepared in nearly the same manner as Stone's. Absorbers
of the samé thickness range as Stone's (5 to 20 mg/cﬁ?) were prepared
in an idenﬁical manner, Nb MSssbauerveffect wés'observed at aﬁy‘presQ

Stone reported a 3% absorptibn at 30 kbar. In a final series of experi-

ments & much thicker scatterer was used. Tt consisted of about 100 mg

161

of Dy,0 ‘enriched to 94% Dy dispersed in about 1 gram of LiF and

5
compressed into a disc one inch in diameter.';The disc was annealed

at abqﬁt 600°C'f6r about 15 hr. Dy’203 was chosen as the material to

use for the scatterer because Sklyarevsky gﬁ_§;f62 had reported that
this compound éave an unsplit resonahce at 500éC. Although their
evidence for this uﬁsplit resonance is Questionable, it is the only
report of an unsplit’resonancé of ﬁearly natufal linewidth with Dyl6l.

If Waé'hoped that if the.effedt at room temperaturevwere great enough .

it would be feasible to try to obsé?ﬁé the efféct ﬁith.the scatferer

at 50090 and thereby'reéolve the fine structuré qf the source.

The results of the measurements with the gmittervat hd and 60 kbar
are shown in Fig. 35. The point at zero veloéityiand relative inteﬁsit&,
l.OOO is a fiducial point. All intensities are relative to this point.
Thévsﬁm of the’coﬁnts in-éhannelé 22 through 27‘wéfe di&ided by the |
sum of the counts in cﬁanne1s 52 through 99. This ratio was calculatédv
for the"éuadrants corregponding to +V, -V, and zero Dépplér velocity.H 

Channels 22 through 27 correspond to the 26 keV peak. The counts in . :

channels %2 through™99 are independent of the relative velocity of the
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scatterer and the source. The ratio, then{ is.a measure of the resonant
seattering of the 26 keV gammas. The +V and -V ratios were‘divided by
the ratio at zero velocity to obtain the points displayed in the figures.
Points within a veloeity range of 0,025 cm/secvhave been condensed into
singlebpoints for the purposes‘of these figuresf
Thefe clearly is an observable Mossbauer -effect with this system.

bThe magnltude of the scattering, however, is only about 1% without
background corrections. " The full w1dth 2t half maximum is about
0.9 cm/sec. The chemlcal shlft is about ~0.2 cm/sec. Minus velocity
1ndlcates that the source and scatterer were mov1ng away from each ether
when the scatterlng was a mailmum. These values compare very favorably
with these of Ofer 93;3&:56 They ﬁsed neutron 1rradmated Gdl6o 5 at
room temperature as a source and natural Dy metal_(BOO mg/cm ) at room
temperature as a scatterer. ‘The environment of Dy in Gd205 should be
similar to:Dy in DyéOB, and Dy in Dy ﬁetal should be similar to Dy in
Gd metal aﬁove the Curie temperature. The crystal structures ere identical
and Dy ié hearly the same size as Gd. |

| ‘The effect appeared to be too small to make it profitable to per-
form more detailed investigations with the same eiectronics and scatterer.
The quadrupole spllttlngs mlght be observed if a good single line scat-
terer cogld be found. There should be no more "than seven lines with only
gquadrupole splitting in the source since the Dy'l6l nucleus is known to -
have spin 5/2 in both the excited and ground states. ' Since the quad-
rupole moment 1is known to'be nearly the same in both the excited and
ground state,55 -8 the three A m_ = O transitions will be nearly‘the

I

same energy. This means that only five lines will be observed.
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Since thé natural linewidth of Dyl61'isvonly about 0.07 cm/sec, five
separate lines could probably be resolved with.a'single line scatterer
of naturai linewidth if the outermost lines are split from each other
by as much és.O.5 cﬁ/sec. " Since DngBvat SOO?C_Wéuld give too small of

an effect ahd no other possibilities were known,-the experiment was

terminated.
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IIT. CRYSTALLINE PHOSPHOROUS

A.  INTRODUCTION

A considerable amount of work has been done with crystalline or
black phosphorous since Bridéman's discovery of it in l9lh.65 Tﬁis
has resultéd in an extensive body of’infofmatidn about it. Most of
this infgrmétion is at lower pressures than are available today. Tt
was quickly discovered to have fair electrical conductivity and a negéA |
tive temperature coefficient of resistivity at étmosphéric pressuré.63’6h
This is charaéteristicvof a semiconductor. Latéf‘work revéaled that the
crystailiné phase ié thermOdyﬁamically stablé with.respect to £he dfher
known forms of elemental phosphorous at rodm témbefature.65 The other
known forms are all amorphoué. 'Its‘father dombli?ated atmospheric
pressﬁre crystal structufe was elucidated by Hulﬁgren EE;EQr His
calculafédvdensity of 2{69 gm/cm5 compared very faﬁofabiy'with ﬁeasured
values.§5’67-9 |

Cthefvhigh pressuré phases of phosphorbus ﬁere reported from time
fo time.7o-2 While investigating the crystal strﬁcture of the high
pressure phases of phosphorous, Jamieson fodnd a previously unknown
phase'éhange of phosphorous from the A7 (arsenié)vtype of structure to
simple cubic at 111%9 Kkbar. 1> Since phosphorous in a simple cubic
structupe.ﬁust be metallic in nature, it'appeared as though the phase
transition might be aCchpanied by é large change in‘the électrical
resistivity. It was, therefdre, decided to measﬁré the resistance of

a phosphorous sample up to 130 kbar. This is somewhat hig her than -

previous measurements had gone.
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B. THEORY

,It\isAvery difficﬁﬁi to calculate the electrical conductivity of a -
so0lid from a-priori assumptions. Nbrmall& certéiﬁ empirical parameters
are used in the description of the phenomenon. In the Free Electron
Approxiﬁation, thevelectrical condﬁctivity, o, iS'neeT/m. nAis the
number of free electronébper unit éell, e is the charge of an electron,
m is its mass, and T is the reiaxation"time,.whiéh {s assumed to be
the same for all conduction eiectrons. T is not a quantity which is
easily‘caiéulated. ‘Depending on the éize, purity,‘and'temperature of the
solid, the.effect on T of one or more of thekfollowing phenomena may
have to bé.considered: impurity scattering, boundary scatteiing, phonon-
electron scattering, eléctron—electrdﬁ scattering, and peihaps others. -
If more than one condgétionﬁband must.be éonsidered, the expression for
the conductivity beédﬁéﬁ,' G = nlegTi/ﬁl +'née2§2/ e
The_numbers refer tokdiffefgnf'bands. ny is the effective number of
cdnduction electrons in the First band, and m is‘the effective mass.
Only thosevelectrons which lie on a section of the free Fermi surface
and those electrons beneath them are_effective in the electrical con-
ductivity. Those eleétrons.on the Fermi surface at a zone boundary
cannot be excited to other states by an électric field of ordinafy
magnitude, except in certain semiconductors (Zener breakdown). The
quantit 1és gy h-e fgr T fa;nqngze pp are ‘tenisor- quant 1t ies s A1)l followings
distussiohstwill:treat! them hsﬁstalaré;ﬁhbhever;“for the ' purpose of clarity.

For simple metals at ordipary'temperatures, N pp and M op 8TE |

relatively independent of pressure. Therefore, 5O/BP depends primarily
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Oh aT/BP. T is dominated by the electron—phohon scattering at
ordinary temperatures. Since the Débye temperature increases with pres-
sure, thé:number of phonons decfeases, and the’eieéfronéphonoﬁ séétter-
ing decreases with pressure. This leads to én.inc;easing' T and, there-
féte,'ah increaéing o . The conductiviﬁy of'aISimple metal, therefore,
shogld show a slight'inbreaSe with increasing pfeééure at constant
témperature.' |

The @ressure depéndeﬁceﬂof the conductivity Qf a semiconductor
usuallyvdepénds primarily oﬁ anl/aP; and /or apégaP.. 'At:least two
‘bands muét‘be considered for semiconductors. Tﬁésé:derivétives depend
on.the'pressure derivative of the bénd gap. No}éiﬁple rulés exist for
predicting how the band gap of a semiconductor will change with prés-
‘sure. The conductivity of a semicondﬁctor'may eitﬁer increase or de-

crease with pressure.
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C. RESULTS

Thevhigh'pressures for this experiment were produced using
Bridgman anvils. For resistance meesurements the stubstance of interest
occupies‘only a smali percentage of the available volume. The balance
of the.voiume is filled hy gilver chloride which provides an electricélly
1nsu1at1ng, quas1-hydrostatlc pressure transmlttlng med ium.

In all of the phosphorous re51stance measurements, ‘the black
phosphorousvwas produced in 31to‘from red phosphorous.* The transition
takes place at about 90 kbars in the system which was used. This’eérees\

72

with‘the,transition pressure_which was observed by Bridgman'S in the
course of eompreSSibility measurements on red phbsphorous. ‘Withfe great:
deal of sheer force the transition may ocecur below 50 kbar at room
temperature.7u " In practice fhe application of an eledtric field of
135 V from three hﬁ V "B" batteries would cause'ﬁhe transipion to occur'
as low as 50 to 60 kbar in the system which was used. |

An initial series of reletively crude experiments was performed.
These experiments failed to reveal'a pressure dichntinuity as great as
1%, but they did suggest a possible-change»in the slope of the resistance-

pressure curve at 110 * 10 kbar. A more careful series of experiments

was, theréfore,_perfbrmed. All of the new samples 1ncluded an internal

thermocouple and an internal pressure standard. The pressure standard _
consisted of a length of bismuth wire. Bismuth.hss three well known
phase transitions under pressure which are ea511y seen w1th re51stance

measurements. The Bi I~ II ITI-ITI, and III-V tran31tlons are assumed

¥ S ‘ ‘ B
B & A Amorphous Phosphorous, Red Powder, Code 2062.
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to océui_at'25.u, 27.0 and 88 kbar respectively.l8—20 All resistances

were meesured using the fbur-iead'techﬁiQue, which eliminates the.
effect of epntact resistence. The high pressure cell was surrounded

by a bath of isopropyl alcochol for'this'seriee ofeexperiments. During
the eohstant temperature measuremente'the bath Was'thermbstated at,about.
28°C and held constant to better than 0.1°C. Léter temperature coeffis
cient measurements‘shoWed that a change in temperature of 0.1°C would
result in a'resistance change of the phospﬂoroué'Of about.0.0l%. For
measurements of resistance as a function of temperature the bath was
cooled with dry iee or heated with a resistance_heater.

Avnﬁmber of different saﬁblés Were built which‘differed ih the.
detaile of éonstruction, but which were basically‘ﬁhe séme in concept.
One ef these is shown in exploded form in Fig. 36{ The phosphoroué
. sample'ﬁas formed by carefully filling a depreseioﬁ in the silver
chloride-disc with red bhosphorbus; Tﬁe dépreésidn was made by pressing
a hoop of 5 mil wire abduf 3.mil.into the silvef Ehloride, ahd then
removing the wire. All lead out wiresvwere 5 mil.platinﬁm wires, exe
cept.fqr the thermocouple wires which were 36 gauge chromel A_and
alumel wire.

Although a number of samples were bgilt, only two yielded extensive .
results. There were experimental difficulties with the others. The
partial'results from the other did agree with ﬁhe more complete results_
from the two good samples. | |

Resisfance measurements on the first good eamplevwere precise to
about O.i%, The measuring curreﬁt was 100.0 mA. vThese measurements

revealed fhat the resistance of the sample did not come to a,constant
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Fig. 36.v - Exploded View of a High P.ressu're_'vSa.mple Used for
the Phosphorous Resistance Measurement.
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value even several hours after a -pressure chenge. Aftervincreasing the
Pressure the.resistance would decrease with time; and after decreasing
.the pressure the’resistanee would increase with time. The semple was
held at 122 kbar until the resistance became constant (about 1 day)t
Then the resistance was measured as a fuhction of temperature. These
data arevshown in.Fig. 37.. A therﬂmcouplebreading-of 0.6 mv cOrresponde
to about 28 C. The reference junction was at the iee point. There is
a cons1derable amount of temperature hysteres1s apparent in the data.
This is trobably due to a temperature gradient between the sample and
the thermbcouple. The cooling and heating cycles were both done quite
Quickly.v It is surprising that the gradient woulqebe 50 large, as the
sample and thermocouple were not more then.l/h in. apart. Only the sign
of the temperature coefficient, hbwever, is of'interest, and this can be
detem ined unamblguously 1n.sp1te of the temperature hysterlses. The
re51stance was measured w1th the current flowing flrst in one dlrectlon
and then the other. The average of the two measurements is shown in
the figure; This'proceaure eliminates the effects of thermal EMF's.
Careful resistance-pressure meaSﬁrements,were:made with the second
good sample.v The resiétance could be measured with the apparatus which-
.‘ﬁas used with'this second sample to a precision‘of 0.01 %. Tﬁe un-
certainty-introduced b&‘the time dependent drift of the resistance is
greater than_this. The measuring current that was used was aboﬁt 0.4 mA.
The experiment was performed in the folloﬁing manner; After a pressure_
change, the pressure was held constant until the resistance of the
phosphorous was constant to within 0.0B%.over a period.of several hours.

Then enother pressure change was‘made; It took about six weeks to

collect the data shown in Fig. 38 using this method.
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D. DISCUSSION

It is;known that‘ciystalline phbsphorods‘abSQe 80 kbar has the
AT (arsénic) structur.e.75 This is a rhombohedral structure with a
basis. fThé rhombohedrél angle, o, at 83 kbar ié 57.25°, and
a, = 5.524 2 e The bagis vectors are (G,0,0);v(Eu,Qu,Eu)'in terms
of the lattice vectors. u is between 6.21 and 0.22 at 83 kbar. Ac-
cording to Jamieson this becomes.simple'cubic ﬁiﬁh é'= 2.37 R at
about lll'kbar.7§ The simple cubic strﬁctﬁre:is jusf a‘special case
of rhombohedral with o = 60°, u.=_l/h, and as.s@ch'représents only a
slight distortion of theblbWef pféssure rhombohea?al.structure. This -
distorfioh, héwever, méy.have profound effects on the electfical proper-
ties. . " : o o

Ehosphorous has five cbﬁduction élect£ons pef atom. ‘Thevrhémbohedral

structure has two atoms per uniﬁ cell. anch‘band, or zone, is capable-

of holding two electrons pefvprimitive unit cell. If the band gaps in

rhombbhedfal phosphorous were very‘large, the ten electrons per unit

cell would exactly fill the first five bands and rhombohedral phosphorous
would bé an insulator. With smaller band gaps it would be a semi-
conductor or metal. ‘Simple cubic phosphorous, on the othér hand, has

only one phosphorous‘atom per.primitive unit céil, and»fherefore need .
only accommmodate five electrons per_unit céil’in the:band structure.
Since, regardless of the energy gaps; one band~must be at least half
émpty,'simple cubic phoéphorous must bé»a metal. A room temperature
resistivity on the brder of.lO nx@f-gm fbr sc phosphofous is not out:

of line with this reasoning.
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The resistance curve shown in Fig. 38 reveals.no real evidence of
a phase-transition at or about 1li kbar. TherevdoeS'appear to be a o
small discontinuity in the resistance curve between the points at.
113.8 kbar‘snd llS.h khar,‘but it is not clear that this is outside of
the exnerimental error‘due to the time-dependent drift of resistance.

Thisvexperimental set up is yery poor for determining resistivity
because the cross sectional area of the specimen is very uncertain.
However,‘an order of magnitude estimate can be made, and this gives a

figure of about 100 pfwemyin. This is an order of magnitude greater

than what is expected forvsimple'cubic phost 'rous; It can be said,

then, that the resistivity meesurements'give.no-support'for the existence
of simple cubic phosphorous inbthe'pressure interval whichﬂwas corered
in this experiment.v A later compression to iﬁoikber also failed tc
show any eridence‘cf a phase transition. |

The pressure dependence of the resistsnce also appears to be
greatér than what would be.expectedvfor a good metal. As discussed
earlier,.tne pressure dependence of resistivity of a good metal at
ordinary temperatures depends mainly on the nressure dependence of the
Debye.temperature. This in turn denends mainiy-on the compressibility v. j g -

T2

of the metal. Compressibility measurements by;Bridgman reveal that

the compressibiiity alone‘is not great enough tQ account for the observed -
pressure dependence of resistivity. This implies-that the effective
number_ofielectrons is increasing. This is the kind of behavior that is

expected for a poor metal in which the band overlap is increasing with

pressure; This is consistent with the rhomnohedral form of phOSpnorous,

4

but not with the simple cubic form.
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In‘summary, if simple:cubic phbsphorous ddes'exist it must be at
a pressure higher than 130 kbars on the scale uséd here. This pressure
scale is based on the bismuth III-V transition océurring at 88 kbar
on compression. Jamieéon's pressure scale is based on the compressibility
of NaCl as measured by Bridgmén. Therein may lie the discrepancy
between Jamieson's observation of s;mple cubic phosphorous at 111%9 kbér

and the failure of the present work to observe it at pressures as high

as 150 kbar;



-122-

ACKNOWLEDGMENTS

The author would like to thank Professor George Jura whose guidance
throughoﬁtlmy stay in Berkeley was invaluable.' |

He would also like to thank Mr. Duane Newhért‘whose aid in con-
structing.most of the physical apparatus used in these experiménts ﬁas
deeply appreciated.

Special mention shoﬁld be made ofvthe many interesting and useful
discussioné.with his colleagues, Dr. Walter Stark, Jr., Dr.. Donald
Raimondi;.and_Dr. James Burton. Aiso diséussions'with Mr. Albert Yee,
Mr. Tané-Hua Chen, and Mr. Che-Kuang'Wuvvereuﬁélﬁful.

This work was performed under the auspiceérqf.the U. S. Atomic

Energy Commission.



1.

2.

10.

11,

12.

13.

14,

15.

16.

7.

E. Daniel, S. H. Vasko, Phys. Rev. 120, 2041 (1960).

-123-

REFERENCES
J. D. Barnett, C. D. Bosco, Rev. Sci. Inst. 58 957 (1967).

C. A. Swenson, in Solid State Phy51cs, Vol. IT (Academlc Press,

New York, 1960) p. 50.

' J. J. Burton, I. Relaxations in a Molegular Crystal, II. The

Fermi Momentum of Aluminum form O to 100 Kilobars, (Ph. D. thesis),

UCRL-17h79, April 1967.

H. T. Hall, L. Merrill, Inorg,_Chem. 2, 618 (1965)

H. T. Hall, J. D. Barnett, L. Merrill, 801ence 139, 111 (1965)
P. C.:Souers, G. Juré; Science l&gg'h8l (1965); P. C. Souers,
Effeéé’of High Pressure on the Electrical'Resistance of Bi, Yb,
and Dy, (Ph. D. thesis), UCRL-11220, Jan. 1964.

L. Katz, A. S. Penfold, Rev. Mod. Phys. gg;’28 (1952).
R..E.:Bell, R. L. Graham, Phys. Rev. 90, 6k (1953).

S. DeBenedetti, C. E. Cowén, W. R. Konneker, H. Primakoff,
Phys. Rev. 77, 205 (1950). |

R. L. Garwin, Phys. Rev. 91, 157i (i955).

G. E. Lee-Whiting, Phys. Rev. 97, 1557 (1955).

D. Stroud, H. Ehrenreich, Phys. Rev. 171, 399 (1968).

J. P. Corbotte, S. Kehana, Phys. Rev. 139, A213 (1965).

B. Stephan, J. S. Plaskett, Phys. Rev. 112, 1877 (1958).

.A; Hatamo, H. Kanazawa, Y. Migura, Prog. Theoret. Phys. (Kyoto)

3k, 875 (1965).

S. Kahana, Phys. Rev. 117, 123 (1960).



18,

19.
20.

21,
22,
23,
2k,
25.
26.

27.
28.
29,

30.

31.
32,

35.
3h,
35.

36.

-124-

P. W. Bridgman, Phys. Rev. 57, 235 (19&0).:

Research (John Wiley and Sons, Inc., New York, 1961), p. 30k.

. G. C. Kennedy, P, N. LaMdri, in Progreés in'VéryuHigh Pressure

L. F. Vereschchagin, E. V. Zukova, I. P. Buinova, Sov. Phys. Dokl. L

11, 585 (1967).

C.
P.
F.
H.
J.

R.

J.

H.

S.

Chang, C. S. Cook, H. Primakoff, Phys. Rev. 90, Shk (1953).

Takhar, Phys. Rev. 157, 257 (1967).

Rohrlich, B. C. Carlson, Phys. Rev. 93, 38 (1951&).

.HO

S.

w.

A.

T.

Seliger, Phys. Rev. 100, 1029 (1955).

Marshall, A. G..Ward, Can. J. Res. Al5, 39 (1937).

Vaider, Phil. Mag. 29, 725 (1915). | |

Macklin, L. J. Lidofsky, C. S. Wu, Phys. Rev. '_T_Ei, 318A (1950).

Wright, Phys. Rev. 90, 159 (1953).

Wong, Phys. Rev. gg; 761 (1954).

T.

Stewart, J. B. Shand, Bull. Am. Phys. Soc., Sec. II, 10,

(1965).

W.

C.

Bridgman, Proc. Am. Acad. Sci. 76, 55 (1948).

Jamie_son , in High Pressure Measurement (Butterworth Inc.,

washington, 1963), p. 389.

I. Ya. Dekhtyar, V. 8. Mikhalenkpv, S. G. Sakharava, Dokl. Akad. v A

Neuk. SSSR 168, 785 (1966), translated in Sov. Phys. Dokl. 11,

537 (1966).

J. H. Kusmiss, A. T. Stewart, Adv. Phys. 16, 471 (1967).

J. XK. MacKenzie, G. F. O. Langstroth, B. T. A. McKee, C. G. White,

Can. J. Phys. 42, 1837 (1964).

Tuan-Wu Chen, Ing-Jiunn Ma, Ji-Peng Chien, Chin. J. 'Phys. 2, 5L

(1967).



&

31,
38.
39.
o,

41
K.

k3,
4,
45,

L6,

L8.
k.
50.
51.
52.

55.

54,

-125-

N. W. Ashcroft, Phil. Mag., Ser. 8, 8, 2055 (1963).

P. J. Melz, Phys. Rev.';ég)‘5ho (1966).

G. Lang, S. DeBenedetti, Phys. Rev. 108, 91k (1957).

P. W. Bridgman, Proc. Am. Acad. Arts Sci. Th, k25 (1942);

Phys. Rev. 60, 351‘(19u1) |

D. R. Stevens, J. Phys. Chem. Sollds 25, l+23 (196&)

G. S. Anderson, S. Legvold, 'F. H. Spedding, Phys. Rev. 111, 1257
(1958). | B

J. M. Lock, Proc. Phys. Soc. T0B, 476 (1957).

J. Crowell, V. E. Anderson, R. H. RlChle, Phys. Rev. 150, 2h3 (1966)
See any - standard text on the subject, or A. J. Freeman, in

Quantum Theory of Atoms, Mplecules, and the Solid State,

(Academlc Press, New York, 1966), p. 369.

L. Koester, H. Malr-Lelbnltz, X. Schme1ser, Z. Angew. Phys. 3,

9 (1953).

Handbook of Chemistry and Physics, 43rd Edition (The Chemical

Rubber Publishing Co., Cleveland, 1961) p. 1522.

Toid, p. 2722-3.

J.VL. Rodda, M. G. Stewart, Phys. Rev. 131, 255 (1963).
D. R. Stevens, J. Phys. Chem. Solids g§,1945 (1965);

A. Jayarama, Phys..Rev. 135, A1056 (196L4).

J.. A, Stone, The Influence of High Pressures on the MSssbauer
Bffect in Dysprosium-161, (Ph. D. thesis), UCRL-10650, April 1963.

'R. Baumlnger, S. G. Cohen, A. Marlnov, S. Ofer, Phys. Rev Letters

6, u67 (1961)

A, J. F. Boyle, H. E. Hall, Rept. Prog. Phys. 25, uul (1962)



55.
56.

>7.
58.
29.

60.

é1.
62.

63.

6.

65.
66.

67.
68.

69.
0.
T1.
T2.

_126-

'E. Bauminger, L. Grodzins, A, J. Feeman; Rev. Mod. Phys. 36,
392 (196k).

S. Ofer, M. Rakavy, E. Segal, B. Khurgin, Phys. Rev. 158‘{. A2)+l‘

(1965). |
I. Nowik, H. H. Wickman, Phys. Rev. 140, A869 (1965).

I Nowik, J. H. Wernick, Phys. Rev. 140, A131 (1965).

H. Frauenfelder, The Missbauer Effect, (W. A. Benjamin Inc.,

New yark, 1963 ).

G. K. Wertheim, M3ssbauer Effect: Principles and Applications,
(Academic Press, New York, 196k4). |

H. Lﬁstig, Am. J. Phys. 29, 1 (1961).

V. V. Sklyarevsky, K. P. Aléshin; V. D. Gorobchenco, J. J.
Lﬁkashevich, .B. N. Samoihov, E. P. Stepanov, FPhys. Letters 6,
157 (1963). | o

P, W. Bridgman, J. Am. Chem. Soc. §§)'15uu'(191u).

P. W. Bridgman, Proc. Am. Acad. Sci. 56, 61 (1921).

L. Pauling, M. Simonetta, J. Chem. Phys. 20, 29 (1952).

R. Hultgren, N. S. Gingrich, B. E. Warrén, J. Chem. Phys. 3,

3511 (1935).

M. Marckwald, K. Heluholz, Z. Anorg. Allgem. Chem. 12k, 81 (1922).
P, L., Gunther, P, Geselle, W. Rebentisch; Z Anorg. Allgem. Chem.
250, 373 (1943). |
"R. W. Keyes, Phys. Rev. 92, 580 (1953)."

P. W. Bridgman, Phys. Rev. b5, 84l (193h4).

‘R. B. Jacobs, J. Chem. Phys. 2945 (1937):

P. W. Bridgman, Proc. Am. Acad. Sci. 76, 55 (1948).

6



73.
Th.
™.

_1é7_

J. C. Jamieson, Science 139, 1291 (1963)."
P. W. Bridgman, Phys. Rev. 48, 825 (1935).

D. B. McWhan, T. M. Rice, P. H. Schmidt, Phys. Rev. 177, 1063

(1969).



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




-

R, -,

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

P SEP



