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POSITRON ANNIHILATION IN METALS AT VERY HIGH PRESSURES
Jéhn L. Przybylinski |
Inorganic Materials Research Division, Lawrence Radiation Laborgtory,
Department of Chemistry,
University of California, Berkeley, California
ABSTRACT

The study of the angular correlation of gaﬁma rays from positrons
annihilating with electrons in metals can be used as a tool in the in-
vestigation of the momentum distribution of conduction electrons in a
metal. This method was used in the study of three metals, aluminum, bis-
muth, and yttérbium, at pressures up'to‘lOO kilobars. Aluminum yielded
unexpectéd and only partially explained results. The unusual résults are
thought to be associated with the state of gtrain. of the aluminum speci-
meﬁ. The bismuth resﬁlfs were in agreement with the Free Electron Model.
The results.on ytterbiﬁm were most interésting. They provided the first
conflirmatory evidence of a proposed promotion of an electron from a iUf
state to a 5d conduction band at high pressures. Surprigingly, the
promotidn appears.to take place before the phase transition from ch to
bee at 40 kbar. Ytterbium in the fcc phase above 20 kbars, therefore,
cannot be considered to be a semiconductor unless the 5d electrons are
tonsitdered.:as: core’.elecbrons for the purpose of conductivity.

The Mossbauer effect of Dylél in gadolium metal at very high pres-
sures was measured. The'experiment‘failed to confirm.earlier work on the
same system by Stone. However, it was consistent with work in other
laboratories on similar systems.

The resietance of crystalline phoéphorous was carefully measured

from 60 kbar to 130 kbar. These measurements persuasively indicated that
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the phase transition from rhombehedral to simple cubic which was reported
by Jamieson to occur at 11149 kbar does not occur below 130 kbar on the

pressure scale that was used here.

o
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I. POSITRON ANNTHILATION

A. INTRODUCTION

The understanding of the electronic structure of metals is funda-
mental to the understanding of the characteristic propefties of metals.
The characteristic properties of metals are due to the unusual "freedom"
of some of the electrons in the metal. If the electronic structure of
metals is to be understood it is necessary to derive theories which are
concerned with electrons in metals and compafe the results of these
theories with experiment. Virtually all theoriés of electrons in metals
involve the concentration of free or conduction electrons in metals as
a parameter. A fundamenta; test of a theory can then be made by alterihg
the concentration of electrons in the metal. Since the number of free
électrbns.in a giveﬁ ﬁetal can not generally be altered, the volume of
the metal mﬁst be altered in order to affect a chaﬁge in the concen-
tration of electrons.

Theie are two primary methods that can be used to affect a volume
change; the temperafure or the pressure can be changed. Of theseAtwo
methods, the applicatién of pressure causés a much larger change in
volume.

The kihdslof experiments that can be done at very high pressures
are severly limited by the requirements of the high pressure apparatus,
~Most experiments which yield information about the electron energy
states of the conduction electrons in a metal require that the electrons

have long mean free paths. This in turn requires that very pure single

crystal samples be used at very low temperatures. These conditions
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are, unfortunately, not compatible with very high»pressures at the
present thne. The use of single crystals requirés that truly hydro-
static pressures be used. If hydrostatic pressures are not used, there
is a strong possibility that portions of the crystal will recrystallize
‘in new orientationé in order t§ minimize the strain energy of the'speci-
men. This is due to pressure gradients and shear forceé in the system.
Hydrostatic conditions have reportedly been obtained at pressures as
high as 60'kbars,l at room temperature. 'The limit at liquid helium
temperatures is much lower; it does not-exceed a few kbars. This is
principally due to the lack of fluid media to-transmit the pressﬁre.
Even elemental nitrogen solidifies at about 30 kbars at room temper-
ature.

The types of experiments which can be perforﬁed to the high pres-
sure limits of static high pressure experiments are limited by practical
considerations to experiments which can‘be performed at room temperature,
or to experiments whose results are not strongly etftected by the state
of strain of the material under study. Eleétrical resistance measure-
ments, for instance, are easily performed at very high éressures.
However, the experiment does not yield much fundamental information
because of the complex dependence of the resisti&ity phenomenon on
basic parameters.

Study of the angﬁiar correlation of gamma rays from positrons v
annihilating with electrons in a metal, on the other hand, is an
appealing experiment to perform at very high préséures.‘ ''he data can
be interpreted to give information 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 0.511 MeV gamma rays which
are produced by the annihilation event can easily penetrate a moderate
mass, such as a high pressure cell. |

It is ﬁhe study of the angular correlation of amnihilation gamﬁa
rays which was used to obtain the data presented herein. fhree differ-
ent metals were chosen for the experiment for three different reasons.

Aluminum was chosen as an example of a "normal" metal in order to
compare the predicted chénge of the Fermi momentum as a function of
pressure with experiment, and to compare the results on our new higher
resolution instrument with previous results on a low resolution in-
strument.5

Bismuth was chosen because it exhibits seferai high pressure phases
which are associated with large changes in the electrical‘conductivity.
This experiment was performed to see if there are large scale changes in -
the Fermi surface at these transitions.

Ytterbium was chosen because of the postulated promotibn of an
electron from a 4f state to a 5d state at‘the phaée transition from
fee to bcc.u-éwlThiSuhranSibion occurs at about 40 kbar at room tem-
peraturé.so’51 If the postulated promotion did occur it would have a

very large effect on the positron annihilation spectrdm. This experi-

ment would constitute the first direct test.ofjthe theorized transition.
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B. THEORY

1. Free Electron Theory .

The study of the Angular Correlation of Gamma Rays which are
emitted when a positron annihilates with an eleétron 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 experiment, it is first necessary to understand what the ex-
pected distribution‘of momentum states is for various metals. With
this in mind, some elementary Solid State Physicé will be discussed
first, beginning with the free electron theory of metals.

Consider a cube of metal with side length L, volume, V = 0. If
the conduction electrons in this piece of metél.are considered to be

under a constant zero potential, the single electron Schroedinger

equation becomes,
2
H ' - —
- Ea V@) =Ey ()

The solutuions of this equation normelized to the vblume, V,'are

o y® = M e BT
The various:.solutibns are labeled with the wavevectors, k.

Boundary conditions must now be imposed on these solutions. ‘lhe
often lsed boundary conditions, which are thoée of requiring the wave-
‘functions to become zero with zero slope at the boundaries, are un-
satisfactory. This is because it ié desired to donsider only states in
the bulk of the metal. The boundaries, therefore, can not bé con-

sidered explicilly. Considering a cube of infinilte size is also
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unsatisfgctory because of mathematical difficulties. If, however, the
cube is considered to be bend around until two opposite faces are

Joined tbgether, one‘péir of boundaries is eliminated. Mathematically

it is possible to envision doing this with all three pairs of sides
simulténeéusly to generate an unbounded finite soiid. After traversing

a distance L in the x,.y, or z direction, the wavefunction in such a
solid must be identical to the original wavefunction. The boundary
conditions then become the so-called periodic Eoundary conditions.

For the x direction, then, wg‘(g) = ¥ (EQSXL);cLThe vector“ﬁinis.a unit

vector in the x direction. This yields the equation

A N .
exp(ik-T) = exp(ik- (¥ ij)) = exp(ik'T) exp(ik L)

Therefore, exp(ika) = 1, This occurs when kXL = 27n. n is an integer.

» ~
J.k

Fach of the components of the wavevector,.f = j k *+ Kz

j_k
XX Yy

must satisfy the relationship k , k , k, = 0; 22m/L; EUM/L; cecevcvcon

y}
The numbers kx’ kV’ kz, along with the spin quantum number, m,, are
the quantum numbers for the problem. Although k is quantized, it is -
usually discussed as if it were continuous. This is because of the

very close spacing of the states for crystals of macroscopic size.

' -
Using the linear momentum operator, -i#iV, the linear momentum,-B,

is found.
BU@ = - (102 exp(-iBD)
k o ]
_)
= fiky (r)
%
D = fk.

The momentum is linegrly related to the wavevector and is independent

of position in the crystal.



Similarly for the energy,

h? 22

=l XOR K
E, = ﬁ2k2/2m ‘ |
Thus the energy has a simple quadratic dependence on thé wavevector,

The energy of the highest occupied state af 0°K is called the
Fermi energy, Efn Associated with this energy is a Fermi wavevectof,
kpo By o= ﬁ2k§/2m. The Fermi momentum is similerly defined. An
examination of the allowed values of k reveals fhat there is one allowed
value.of.g for each volume element (ETI/L)5 of wavevector space. There
are, then,. two allowed states, m, = t 1/2, for eaﬁh volume element
(2Tr/L)5 of wavevector space. The density of states in waveyector space;
o(k), is 2/(2W/L)5. There are N conduction electrons in the metal. The
total volume occupied in wavevector space is h/Bﬂk?. The number of
electrons must equal the cccupicd volumc in wavevecetor apace times the

density of states. Thus

N Lmd

3 - o/ = —L_ 3

3”2 f

kf‘ = (57r2 N/V)l/5

The Fermi momentum and ehnergy may be derived trom this

o, = e, = n(sn/v)Y/?

Lo}

)

2

. ,
- hK K, 2 2/3
R

r
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Note that although the density of states depends on the dimensions of
the crystal, the maximum occupied energy state deﬁends only on the
concentration of electrons. This concentration may be varied by
changing the number of conduction electrons of the volume of the metal.
The number of c¢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. Real Metals

The above discussion assumed that the conduction electrons in a

| metal experience zero potential throughout the‘metal. A little thought
reveals-that this cannot be true. There must, fér example, be near
singularities in the potential at the nucleus. In addition the pfoper
wavefunctions must be ofthogonal to the occupied core states. If the
free electron plane wave functions are represented by Wa , a new set

of wavefunctions, QQ , may be constructed using these finctions and

: k
the properly orthogonalized set of core states, ¢i' These are

*
Y =y - ¢, [ ¢, ¢, dr
T ox i*7 x:

These new wavefunctions can be seen by inspection to be orthogonal to
all of the core states. It happens that these wavefunctions, which
are known as orthogonalized plane waves (OPW), are also excellent
approximations to the true wavefunctions over'q large fraction of wave-
vector space.

In the interatomic spaces all the ¢i are Qery small and ¥a will
be Qlosely equal.to Wa . It is the behavior of the conduction Electrons

k .
in these interatomic spaces that largely determines many metallic
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properties. The free electron plane waveistates are pseudowavefunctions.
. The pseudopotentials associated with them may be nearly zero. The

pseudopotentials are the result of considering the energy of the core-
electron-like part of the OPW to be combined with the true potential
to fo;m a new potential. The true potential and this energy nearly
cancel out,

The pseudowavefunctions of electrons in real metals are not pure
free electron plane waves. The lattice has an effect on the electrons

so that the Schroedinger equation becomes

2
- Py u@) Y=

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

lattice. The solntinns +n this eqnation may be written in thc form

e
%? = i C, exp(-i K r)
. o .
The sum is over all reciprocal lattice vectors, Eafiiu ='EL - Eaf

It U(?) is small it may be considered to be a perturbation on the free
electron wavefunctions and the ¥ can still genérally be labeled by

a waveveétorlﬁg which is equal to the i;lwhich corresponds to the
dominant term in the expansion. ° That is Ci >> Ci, m # n. The

result of fhis pseudopotential is to cause discontinuities in the
energy when k & = % G, This is the origin of band gaps. This is il- .
lustrated in Fig. 1 for a one-dimensional lattice, with lattice constanf
a. The dashed curve in the figure is the behaviqr expected for pure

free electrons. It is shown for comparison.

: 2 . & .
In the case when ki = km which occurs when.ig = -3m simple per-

M

turbation theory breaks down. For this particular case two wavefunctions
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Fig. 1. Nearly Free Electron Approximatioh - Extended Zones.
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can be generated with distinctly different energies but with Ci =ACi.

It is apparent that one of the wayefunctions should be labeled wﬁ and
the other'w»‘, but the labels cannot be unambiguously assigned tooone
wavefuncti‘o:?_ or the other. In order to avoid this difficulty, and

- more serious difficulties which occur when U(?)_is not'small,'? is
restricted to values within the Wigner-Seitz cell of the reciprocal
lattice (the first Brilluon Zone). The different wavefunctions which
can be constructed from the same set of wavevectors are labeled by
different band numbers, 1. Within a band, 1, E? L is a continuous
function Qf.QL The example shown.in Fig. 1 is rédrawn in Fig. 2 in
this "reduced zone" scheme;

Thé_perturbation of the free electron wavefunctions that is caused
by the potential, U(r), leads from an energy which is simply dependent
on k2 to an energy which depends ih a complex way on ii The resultingl
Fermi surface reflects the symmetry of the lattice.

In summary, then, the wavetunctions of conduction electrons are
well approximated by plane waves in the interatomic~spaces. Over a
large fraction of wavevector space the free électron theory gives a
reasonébly good approximation to the energy and momentum states of the
conductionAelectrons. The free electron theory predicts a constant
density of occupied sfates in momentum space up to t he Fermi momentum,

' 2]
and zero above it. The Fermi momentum is given by pp = ﬁ(BNFN/V)l/B..

~ N/V is the concentration of conduction electrons in the metal.:

g
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" 3, Positron Annihilation

If a bositron is injected'intola metal it evéntuaily annihilates
wilh an electron. This usually results in the production of_two gamma,
rays, each with energy approximately equal to mc2, where
m = electron maés, ¢ = 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

pair 6f gamma rays, or rather one component of it; which is measured
in the experiment. When the pair annihiiates,'thére is a certain
probability that they will have a total momentﬁﬁ.g. This probability
may be represented as p(g). This will also be the probability that a
pair of gamma rays from the annihilation event will -have momentunlfi
One.component of the momentum of the pair'df annihilation photons
is measured in the following manner. Two gamma ray détectors, which
are shielded by narrow horizontal slits, are set at some vertical
angle, 6 - . The angle is deflined by the two slits and the source. Since
the gamma rays are knqwn to have momenta of mc each, they must have a =
vcrticai component of me sinf 1in order for both gaﬁmas to be detected.
mc sinf= mcO ‘in the limit of small 6. Whenever gamma rays are
simultapeously detected in both detectors, a count is recorded. After
a length of‘time, the angle is changed and the counting is repeated.
The number (or intensity), I(pz), of events which are detected

with the component of momentum p_ is Just

0 0
-
I(p,) = le f e(p) dp, dp,
-0 /=00 .

. pz =m C-,G
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The first integratibn is performed because the detectors are insensitive
to the slight shift in energyrthét is caused by a component of momen-
ﬁdm toWérd or away from the detector. The second ihtegration results
because of the effectively infinite horizontal extent of the slits.

If five conditions are met, the~probability; Q(E), may Ee'identified

with the density of occupied electron states,-w@))° These conditions

are:
1) That the positron penetrates to the buik of the metal.
2) That the positron has no momentum of its own when it annihilates.
3) That the positron annihilates only wiﬁh.conduction electrons.
4) That the positron does not perturb the conduction electron
states.

55 That the positron equally samples all the conduction electrons.

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

In the free electron approximation, Eﬁ depends on |k|, and not on
k

'ﬁ, Ihus 4 spherical Fermi surface is predicted. The density of oc-

cupied states, w(ﬁ), is a constant up to the Fermi momentum and zero
thereafter. If the equation for I(pz) given above is expressed in

spheriéai coordinates, it becomes after one integration with an iso-
tropic b(p),

© .

I(p,) = 02/ o(p) pdp.

P,
Since P(p) = ®(p), and w(p) = Constant in the interval O < P<p., and

«(p) = 0 if p > p,,



I(p,)

I
e
e
Hh
Q
W
e
0,
G
e
o
A
e
H

> 2 1L
JHp,) =0, (Pp-p)s b, S € =50 "

O)pz>pf°

The expected curve, then, is an inverted parabdla which goes to zero
at the Fermi momentum. Uhis is illustrated in'Figi 3. Many metalo
have exhibited this parabolic behavior. The Fermi momenta obtained
by this.method along with thosé predicted by the free electron theory
are shown in Table 1. This tends to confirm the validity of the five
asswupl lons,

That the pnsitron will penetrate to the bqik'of the metal is easily
demonstrated using the results of absorption ekpefiments with positrons.
These experiments indicate thal Lhe energetic pooitroné used in thi§
experiment can easily penetrate several tenths of a millimeter into the

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

the metal. There is almost a problem with Lhe positrons pcnctrating too

far. Ihié will be discussed further in the experimental section con-
cerned with the range of positrons.

That the positron will have no momentum of Ils own when it anni-
nilates is of course impossible. On the averaée it must have at lcast
that amount of ene;gy'that is dqe to random thermal motion. Ginece this
: momentﬁm would be small compared with the Fermi momentum, the problem
becomes one of showing that the positron is indeed thermalized before

it annihilates.
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Table 1. Fermi momenta by positron annihilation

Metal Computed Measured
(number of free (free electl:gn) (positron annihg%ation)
electrons) pp (me X 1077) pp (me X 10 )
Li(1) h.at L.3
Na(1l) 3.50 3.6
Be(2) 7.48 T4
Mg(2) 3.27 2.3
A1(3) 6.7k 6.7
Ge (k) 6.69 6.8
sn(k) 6.29 6.4
'Bi(5) 6.21 6.1

* .
Trom Lang and DeBenedetti

39

after a correction for core annihilation.
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The thermalization of the positron is not difficﬁlt to uﬁderstand
since it is a charged particie and interacts strongly with the electrons
and thé lattice so that it quickly loses its excess energy. The
probability that a positron will annihilate with an electron is small
enough so that an energetic positron can scatter -an electron without
annihilating with it. An energetic.positron can lose energy by scat-

tering electrons to empty states in a higher energy 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
forApositronslin metals of about 1.5 X lO_lo sec.. The only calculation
of thermalization time then available was by DeBenedetti et a1.9 It
indicated a thermalization time of 3 X 1070 sec in gold. Garwin'®
pointed out that this calculated time was much too long because the
calculatién considered only the excitation of lattice vibrations (phonons)
after the positron had reached an energy that was'too low fo allow it

to causé interband transitions of electrons. It is by the excitation
of interband transitions that the positron quiékly loses the bulk of its
energy. The calculation, then, was valid for insulators. In metals,
thever, the conduction electrons have available a near continuum of
states so that it is possible for the positron to lose any amount of
energy to the electrons. As again pointed out by Garwin, the positron
cannot gain energy from the electrons since (at'OaK) all lower energy
states are already filled and any electron can only be scattered by the
positron to an energy state above the Fermi energy, Ef. Thus it is
possible for a positron with an energy of 0.1 eV to lose energy to an

electron at the Fermi surface which may have an eﬁergy of 5 ev. -
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Garwin crudely calculated a thermalization time of about lO-lh sec.

A more sophisticated calculation by Lee-Whitingll yielded the following

times for energy.loss: 4 eV to 1 eV in about 3 X lO"15 sec, 1 €V to

: - : S a-12
0.1 eV in about 2 X 10,15 sec, 0.1 eV to 0.025 eV in about 2 X 10 sec.

0.025 eV per particle corresponds to a temperature of 290?K. It can be
seen that with a lifetime of 1.5 X lO-lO sec, the positron is almost
certainly thermalized down to at least room temperature,

That the positron annihilates only with conauction electrons can
be shown to be approximately true. The positron, being a positively
charged‘particle, will haﬁe a very small probability of being near the
nucleus.: Its probability amplitude will be large only in the inter-

atomic spaces. In the independent particle approkimation, the prob-

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

to S

- <« P s "3 = 2

p(p) = 2 | [ exp(-ip7/m) 9, (@) y, (&)’ 7|

K,£ ‘ k,? : ,
where ¥, is the positron wavefunction and the electron wave-
k,!
function. n, is the occupation number for the state'ﬁ,l. n, = 0
kK, ' k, £

or 1. Slnce most core electrons have small proﬁability of being at
large distances from the nuclei, their contribution to D(g) is small.
The transition metals, with large numbers of d élgctrons which have a
fair probability of being at interatomic distances, notably do not
show pérabolic intensity curves.

The'last two conditd ons are best discussedAtngether, gince thoy
are part of the same theoretical problem. The positron is a positively

charged particle, and its introduction inte the metal must rcsult in an
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increase in the density of highly mobile conducfion electrons in its
vicinity. That is, it must perturb the electron wavefunctions. This

will, of course, lead to a considerable shortening of its lifetime in

the metal. This is confirmed by compéring the observed lifetime of

10 sec which

about 1.5 X lO—lo sec for metals with the Galuéb7.5 X 10~
is obtained from theoretical estimates for aluminum which neglect
coulomb atfraction.8 What effect this will have dn the momentum of the
annihilating pair is less obvious.

A large number of theoretical paperslz_l7 have been written in an
attempt to find p(g) for specific metals. The.general results of
these paperé are:

(a) The concentration of electrons in the vicinity of the positron
is much highef than in the unperturbed metal. This leads to a short
half-life of the positron, in agreement with expefiment.

(B) The momentum of the electrons in the vicinity of the positron
is generally similar to the momentuﬁ distribution in the unperturbed
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 whal is the Fermi momén@um in the unperturbed
metal, even at 0°K.

(d) . The electron momentum distribution in the viecinity of the
bositron is slightly skewed such that the concen£ration of low momen-
tum electrons is greatest. |

(e) Thelprobability that a positron will annihilate is éreatest
with electrons of the highest momentum. These laét two effects tend

to cancel oul and glve an observed annihilation rate as a function of
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momentum which is remarkably:similarlto the momentuﬁ‘distribution in
the metal in the absence of the positrohn.

() 4Although theory givés a very good fit to the low momentum
part of the cﬁrve,-it has been singularly unable to accurately reproduce
the tail thét is 'always observed at high momenta. This tail presumably

! , . .

is hue to the positrons annihilating with core éleétrons°

Theofétical calcﬁlations, then, confirm thaﬁ-the angular correla-

tion measurements can indeed be used to measure the general size arnd,

if single crystals are used, shape of the Fexrmi surtface.

»
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C. MATHEMATICAL METHODS

1. p(p) and n(p) from I(PZ)

The meaéured intensity curve for this experiment is given by the

I(p,) = C[ f e(p) dp, cipy

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

expression

This cannot be done analytically unless QCB) is _iéotropic° That is
o(P) = p(p): In the experiments which were performed polycrystalline
samples were used.; The use of pblycrystalliné ﬁaterial insures that-
o(P) will be isotropic. Using an isotropic o(p) the integral, when

expressed in spherical coordinates, becomes,

I(pzl) = 2 Cl..[ p(p) p dp.

v p.
Z

If this is differentiated with respect to | the expression

aI(p,) p=o p=p, [ |
= =2 [cpp(p) B - By T /p (0 G52+ o) ) dp]

2z

is obtained.

aI(p,)
5 - -2m Clpzp(Pz),
z
or
o( _ th'(pz> . 1
pz - dp, 2ﬂClp7

the desired result.
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It is seen, then, that the density of states is simply related to
the derivative of the experimental curve. It éhould be emphasized
that this relationship is good only under the assumption that o(p) is
isotropic. This in general means that a polycrystalline sample must
be used. If the sample used is a single cryétal, it is necessary tp
use a trial o(P) to calculate I(Bé). In the case of a single crystal,
p(Eﬁ cannot be determined unamb iguously unless the positron annihilation
spectrum ié measured in at leést three different érystal directions.

In order to calculate p(pz) to within a cunstant factor, two
quantities must be knownj dI(pZ)/dpé,‘and pz."The slope, dI(pZ)/dpz,
can be calculated from the data. If the slopes aré approximated by the
ordinafy method of calculafing (Ig-Il)/(eg-Gl)Afor adjacent points,
however; the error in the slope can be very greét,. This 1s especlally
tfue if the two points are close together, or 1f vue ul Lle polits has
a large'erroro' This situation can be improved considerably if use is
made of the fact that the intensity is a continuous function of the
angle. The following interpolation technique'cén'then be used. A
point (Iifei) is chosen. The "slopes", (In-Ii)/(Gn-Qi) are calculated
for all points (In,en) within some interval of Gi, [en-gil <A 9max°
A continuous smooth function of G—Gi is then fit through the appro-
priately weighted "slopes'. The value of this function at G—Qi =0 is
taken to be the true slope of the experimental curve at 61' This 1is
done for_éll points Qi except for the few points at the ends of the
curve where this method no longer gives signifiéantly more preclse

values than the ordinary method.

Y
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A program was written to éo this on the CDC 6600. The smooth
curve ﬁhich was used in the fitting was a polynpmial in 9—91. The
degree of the polynomiai which was used depenﬁed.on the number of
points.which were being fit. 1In no case‘did the nhmber of independent
coefficients to be determined in the fitting éxéeéd half the number of
points being fit. |

p, must also be derived from the data. This is because P, itself,
sr quantities directly related to it, are not meés’uredu Quantities
related to some A0 = Apz/mc relative to an arbitrary zero are the
measured Quantities. It is known, however, that“I(G) must be sym-
metricél with respect to zero angle, Since the’lécation of angle zero
is not known from any direct measurement, it is‘nécessary to'determine
it from the data itself. This is dohe in thé following manner. An
approximate zero angle is inifially chosen. "The3appropriately weighted
intensity_points are then fit with a polynomial.in the square of the
angle by the method sf least squares. Fitting‘the measured intensity
with a polynomial in the square of the angle ihéqres 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
weightéd sum of the squares of the deviations,

A program was written to do this on the.CDC.6600. An eleventh
degree polynomial in the square of the angle was used in the fitting.
This iélequivalent to fitting with a twenty-second degree polynomial
in the;éngle itself, while'constraihing the coefficients of all odd
powers fo be zero. There are twelve independent coefficients to be

used in this fit. The typical measured curve has fifty points. The
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coefficients are, therefore, sufficiently overdetermined so that a
reasonable fit is generated in the main part of the curve. The poly-
nomial dpes, however, give an unrealistic fit between the widely spaced
far tail points of the curve.

Oncei-P(k) is known, it is a trivial mannér to calculate the number
of electrons with k values between k and k+dk. This is just the dif-
ference in volume between spheres of radius k and k+dk multiplied by
the density of states, p(k). Thus
p(k) (b/3m(krdk)” - 4 /31K )

n(k)dk

p(k)u/jn(k5+ 3k2dk + 3k(dk)2 + (dk)5 - k5)

dropping second and higher order terms in dk

n(k)dk p(k)hﬂkgdk

n(k) hnkep(k)

2. Effect of Temperature -

The expected theoretical curve,; which is a parabola with a sharp
cut off, will be modified by the finite resolution of the instrument;
This curve may also be slightly modifiedAby fhe population of higher
momentum states at tinite temperature. This slight blurring of the

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

f(E) = 1
expl (E-u)/kgTI*1
k_ = Boltzman constant; T = tcmperature (absolute).

B

The chemical potential (sometimca aloo called the Fermi level), w,
is a function of temperature. At O?K, po= Ef.’"At temperatures small 
compared with the Fermi temperature, T. = Ef/kB’ p is about equal to

the Fermi energy. Since T, is typically 50,000°K for metals, u
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is c%osely equal tb Ef at room temperature.
ASsuming g o= Ef and including the Fermi-Dirac distribution, the
following expréssion is obtained for the positron annihilation spec-

trum
[o4]

. C.k dk '

‘ 3 _ 22

I&)=C.[ E, =4k /om

Ay 2 2 2y .2 - 7 Tk
: K, explk™ - k) h‘/zkaT] +1

~Making the substitution x = k2, this is easily integrated to give

2 .
o ﬂn[exp(ctkf ) + exp(Ctx)] o
I(kz) = C) | x- 5 } = C, =H /2kaT,

Now

ln[exp(Ctkfe) + exp(Ctx)]

1imit | x- =0
o c, -
So ’
2 2
En[exp(Ctkf )+ exp(C, Kk, )] o
I(kz) = Cu Ct _.kZ

As is illustrated in Fig. 4, this thermal ;méaring of the Fermi
surface is very small. It is in fact imﬁeasurable with present tech-
‘niques in posityon annihilation. |

The momentum distribution of the thermalized pgsitron is not
negligible since its entire energy is its kinetic energy. Since only
one positron at a time exists, in the sample, the Boltzman distributionl

may be uncd to give the average momentum of the positron.
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o
_ [(agmt \Y2 ~- -
P, =\ 55— > m = effective mass of the positron

*

8Tm 1/2
s ()

T

. * 30
Assuming m /m = 1.9 from Stewart and Shand,
T = 300°K, T, = 50000°K,

f)+/pf = 0.17, an easil&imeasured amount.
This smearing of the momentum distribution 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. DNumber of Electrons Annihilating

In addition to the forementioned effects, there is almost always a
tail to the inlensity curve extending to very large angles. This tail
is presumébly due to annihilation with core electrons, although it could
also be due to annihilation with eonduction electrons near the core
where they have core-like wavefunctions. .Whatever‘its o;igin, its
contributipn to:the slope of the inten§ity curve in the vicinity of
zerd angle appears to be small. This can be true even whén its con-
tribution to the intensityxitself is large. If it is tfue that thel
contribution of this broad background to the slopés of -the iﬁtensity
curve in the vicinity of Zero anéle is small, the slopesvin the vicinity
of zero angle should be.characteristic of the gonductioh eleétrons._AIf

the integral, [ r(k) dk, r(k) « K2 p(k), can be‘reésonably evaluated,
' 0



o8-

it is possible to calculate the numbers of electrons ahnihilating at
each pressure.

I(k) is the measured intensity curve. Since n(k) is proportional
to k dI(k)/ak, it would seem to be a simple matter to evaluate the
intergral éw k dgkk dk either by some algebraic or graphical means.
Unfortunately the data is not good enough to allow one to perform this
integrétion with an uncertainty'of less than S‘td‘io%; The integral
4: I(k) dk on the other hand, is easy to evaluafe within a few tenths

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

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

f n(k) dx =f. 12 p(k) dk, and
0. 0

f T(k) Ak ;f f k p(x) dk dk.
O o J0

These two integrals appear to be similar; they‘can in fact be
shown tp bé identical. If p(k) is an isotropic, smooth, contiﬁuqus
function, as it is expected to be, it can be represénted by a poly-
nomial series, P(k) = % Gy kn-l, in the intervai 0 <k <k,. Since o(k)
rapidly approaches zero for large k, ku can be_chosen to make P(ku)

arbitrarily omall. Then,
.

. ku ’ " o
.2 . - _ -
kP (k ) dk = ( 2. ¢ kn 1 ) dk = & c kn 1 dk = = n kn+‘. .
3 ' n N n n n nt2
0 0

o0
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« co a ku
/ [ ko (k) dk dk =[kf £ ¢, k" ak dk
oJo = o Jo |

' : n n+l n+l
—4[0 im—l (ku, 'k ) dx
n+2-
- n n+l u n+2
C .
= 3 n n+2 ( n+2-lA)
- n n+l u n+2 .
C .
n N2
=2 o5 K
(22
=f k p(k) dk
. O ‘
Q. E. D.

Ip(k) is the quantity that is measured at pressure, p. The area
of the measured curve is A_ = I (k)dk =cn. n_1is the number -
. pvé p(¥) p.p” p T
of electrons which ammihilate with the electrons. cp is a preseﬁtly

unknown factor to be found. If Ip(k) is parabolic near zero angle,

. .k
e e\ a . - s . _ f,2 2y
d._Lp(k)/dk = -c.cocpk.. ¢, s detined by n, = e L (K=K k. This
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equation is derived from the free electron theory of metals. n, is the

number of electrons which would give the material under the conditions

at which Ip was measured, a Fermi wavevector k <y is independent of

£
the value of ne that is chosen, but it is a function of the volume of
the metal. The value of cp may then be_fbund from the experimentally
measured de(k)/dk-k, and the theoretically derived c . n, may be
found from the equation n_ = A /c .
P PP

These methods can nnly he nged if I(A) is parabolic in tho vioinity

ot zero angle. If it is not, much of this information cannot be ob-

tained. The relative widths of the measured intensity curves can be

.obtained, however, by the following method.

4, Relative Widths of Curves

If two intensity curves are fit with m-l degree polynomials,
m , .

Il(x) = = gt
n=1
m
-1
(x) = = b _x"
L 2 Pn

the function

Xu
F(xu’cl’CE) = fo

~

2
(Il(x) - CzIQ(Clx)) dx
deseribes the mean square deviation between the functions Il(x) and

Celé(clx) in the inlerval 0 < x quu' This will bevavmlnimum it Cl is

correctly chosen to reflect the difference in widths, and C, is chosen

2
to correctly adjust the_relative intensities. By substituting the poly-

nomial sums into the integral the following expression is obtained.

m n-l, n-1,2
(n§1 (a_~Cob Cy xTTT)T ax.
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Let
_ n-1
Sn =ay Caanl
Since ‘
. om , m m . n
(= s, Xn-l)a -3 = 5. S, +i-2 ’
n=l . n=l j=1 J
then
x m m .
F(x,,C1,C,) = [ Yz = s S xMI2) 4y
°©  p=1 j=1 MY
m m : 3+J-l
n=l j=1 ngJ n+j-1

where

56 = Colab oL o adly 4 o 2y IR

.,nsjA a8, Cz(ajbncl + aan.Cl )+ C, bnbjcl,

The function, F, will be a minimum for a given X and 02 when

3 n m xn+j-l - .

1) . - u . n-2, ..
O=37"= 2 % ———1[-C,(a.b ¢ (n-1) +

! . +9 - g

Ll A=l j=1 ntj-1 2 i n’l

33 (neg-2)]

20 1) 2 Py
* b0 (341) + o by

Similarly for fixed x, and Cl
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3 m m -1 '
_ B u_ ot =1 ~J=1 e n+j-2
0 =3 " B E mam (el teghyf ) ¢ aGhp 0
or
' m - m n+j-1- .
4 J=1 : n-1
. n‘s:'l ﬁl ) (aan.Cl +. ajanl )
=5 T ntj-1 D
2 2 Zl'cl—'h.j-:—f— (bnb .Cl J )
n=1 j=1 J

A program was written for the CDC 6600 to solve these equations
for Cl and 02 by the method of successive approximations. The results,
of course, are meaningful only if Il and Ié are similar in shape in the

interval O < x < x .
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D. EXPERIMENTAL

1. High Pressure Apparatus

The high pressure in these experiments was generated by the Bridg-
man opposed anvil>system° This system works in the following manner.
The sample to be pressurized is placed between the flat faces Qf two
prestressed cemented tungsten carbide pieces.. Surrounding the sample
is a ring of pyrophyllite.(a type.of volcanic lava) coated with iron
oxide. A uniaxial force applied along the axis of the anvils causes a
guasi-hydrostalic pressure to be transmitted to the sample. The pyro-
phyllite ring acts as a gasket to keeb the sample from extruding from
between the anvil f;ces, Pyrophyllite is chosen because of its unusual
combination of high compressibility and large internal resistance to
shéar forces. "It is coated with iron oxide to increase its coefficient
of friction with the tungsten carbide anvils.

The tungsten carbide inserts are prestressed in the following w;y. |
The tungsten carbide pieces and the hole in the retaining rings (or jacketﬁ)
into WhiCﬁ the tungsten‘carbide pieces are tn he placed aré machined
with a taper of about 1°. The hdle is made about 3 mil smaller than the
insert. The insert is lubricated with a thin coat ovaolykotc* and
forced into the jacket until it is flush with the top of the jacket.
This requireé about 7% tons of force. The énvil assembly is ‘illustrated
in cross sectibn in Fié. 5. The sémple asserbly and pyrophyllite ring
are shown in Fig. 6. |

The metal discs which were used in the positron énnihilation EX~

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

X . .
Trademark for finely divided molybdenum disulfide.
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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/2 in. in diameter. The sources in
the various experiments varied from 1.0 to 1.5 mCi of "carrier free"
Na22Cl. In the algminum and bismuth experiments the Na22C1 was deposited
directly on the metal discs by evaporation from s neutral aqueous solu-
tion. The source was then sealed by cementing thé'two discs together
with epoxy. Because of the reactivity of the ytterbium metai; it waes
necesgary to deposll Lhe NaQQCl on a'picoo of L/H mil Mylar* which was
then placed between the aiscs of ytterbium metal. Tests run on aisimilar
source indicated that the number of positrons annihilating in the source
material is certainly less than 1% of the total number of positrons
produced, and therefore entirely negligible for the purposes of this
experiment. | ‘

The pressure was calibrated by using the Bisﬁuth I-IT, TI-111, and
III-V transitions,.which are easily seen as discontinuities in the
resistance. ‘'Yhe registance of u bismuth. sample Qam mecacured as a funce=
tion of the forcé being applied to the anvils. The pressure 1s found
to be a nearly linear function of this force. If was assumed that the
three bismuth transitions occur at 25.4, 27.0, and 88 kbars.lg-go Due
to unavoidable sméll differences in the geometry of the high pressure
cell, these puints are not reproducible to better thenm *5%. This lack
of reproducibility is the limiting factor in determining the absolute

pressure1of the sample under investigation.

»*
Trademark
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2. Range of Pogitrons

When energetic positrons are injected into a solid they quickly
‘lose théifvenergy to the lattice by a'large number-of inelastic collisions
with the electrons and'the atomic cores. In addiﬁion to these collisions
there are also a large number of elastic colligions which change the
momentum vector but not the energy of fhe ppsitroh; All posifrohs must
traverse approximately the same microscopic path length before being
stopped in the material, but their macroscopic path lengths can be very
different. These facts lead to an abéorption léw which is very different
from the gXponential law for gamma or x-rays. Some completely theoretical

21-23  jitimate-

20 26

and some'sémi-empirical calculations have been reported.
1y the experimentally determined adsorption curves must be relied upon.

Fof a monoenergeﬁic beam of ﬁositrons approaching normal to the
surface of the absorber, the absorption curve has the generai shape
idealized in Fig. 7. This assumes that the transmitted positrons are
measured in a 27 geometry. 'The initial portion of the curve is concave
towérd the origin. This is followed by a long straight section which
is usually cxtrapolated to an intersection witﬁ thé abscissa. The
absorbér thickness defined by this intersectidnxis called the practical
range, The curve also exhibits a tail which goes to zero at a point
called the absolute range.

T have collected data from the literature. Using

Katz and Penfold
the data which they considered to be most reliable, they found the fol-
lowing empirical expression for the practical range of positrons in

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

to 2.5 MeV.
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R = L2 EO(1.265-o.o95u In(E,)) A(mg/cme)
The Na22 source used in this experiment emits positrons with an

initial energy of 0.54 M;'?,V.27-29 If this value is inserted into the
proceedihg equation, and if a density of 2.7 g/cm5 is assumed for
aluminum, the practical range which ié obtained is }82 mg/cm2 or
26.5 mil (0.674 mm). This is much greater than lthﬁe thickness of .the
sample used in this experiment, whicﬁ is 7_mil.'vit is worthwhile to
calculate hbw many positrons do penetrate the sémﬁle.

The pfobability that a positron will be emitted between an angle o
and 6+d6 from the normal to the surface of the sample is proportional
to the solid angle which is Subteﬁded by these angles.. The solid angle
is by defihition equal to the surface area of a unit sphere subtended

by the forementioned angles. Thé probability is then

P(6)a6 = c, [ 9190 2si04a6a . r=1
o B

!

ome. (%0 simpas
g

It

e Cl(cose-cos(@+9))

om Cl(cose-(cosecos(de)-sin@ sin(dd)).

Expanding the functions of d6 in a power series and dropping second

and higher order temms in 49,

P(6)ad = 2m ¢y sinfdo .
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If P(9) is to be normalized to unity in the interval 0 <6 <m ,

T
1=/ oem C, sinfdd -
(o]

¢, = 1/ )
P(6 )‘de= sinfdb f2-

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

integrafe the tranSmittance, (6], over all angles. .

/1, = g" T(8) F(6)ad

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,

T(8) = (R-D/cosd )(T(0)/(R-D)).
Q(Og is the transmittance at 6=0.

Assuming the transmittance to be zéro for a path. length greater than R,

: 1 Qmax
the integral becomes 5 [ (R-D/cou® )T(0)/(R-D) ocinfa €

. . =1
emax is defined by R = D/cosemax, emax = cos " (D/R).
The transmitted intensity is then,

cos™H(D/R) D fn (%

T(O . 1 Vo
(R-D/cos 6) ﬁéﬁl sinfdg= §-T(O)(l +

o1
/1, = 5 ~—F75 )

For 7 mil aluminum, D = 7, R = 26.5, T(0) = 0.90. .
, . . . . 7,24, 46
The T(0) was obtained by interpolating from published data.
/1, = Q.2)+.
In this approximation some 24% of the positrons penetrate the

aluminum‘éample. This approximation did not consider the tail of the

transmittéance curve which will increase this number, but it also did
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not considér the probability;that-é positraon, after.escaping the alumi-
num, wili be scattered.bapk into the aluminum by the tungéten carbide
beneath it; These two effects should tend to compensate for each other.
This answer may be conéidered'to be essentiallyvcbrrect.

To be sure 24% is an unacceptably large number of events to occur
in othexr than the desired sample material. - Forfqnaﬁely,not néarly this
number of undesirable effects are actualiy detectéd. If an event occurs
in the aluminum, the pair of gamma rays must peﬁetrate, on the average,
about 7 mm of aluminum and 5 mm of pyrophylliteo_:if an event occurs in
the tungsten carbide, it must penetréte about 1.2 cm of WC. Note ﬁhat
eéch individual gamma ray must penetrate only half this amount of mater-
ial, bu£ in order to be detected as an event both gammas must escape.
The prqbability of this happening is the same as a single gamma ray of
the same energy penetrating the tétal émount of ﬁaterial mentioned.

Pyrophyllite is a volcanic lava with the approximate chemical fbfmu-
la A1205-#8102-Hé0.h7 The mass absorption coefficient of interest for
0,511 MeV gamma ra&s areu8 |

Al 0,079

W (0.20)
C 0.080
H 0.165
0 (0.08)
Si  (0.08)

The guantitles in parenthesis are interpolated from nearby elements.
For 0.7 cm of aluminum, density = 2.7 g/cm5, I/Ié,: 0.86.
For 0.5 cm of pyrophyllite,'avérage mass absorption coefficient 0.08,

dengity = 2,9 g/cmB, I/Id = 0,89.
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Por 1.2 cm of WC, average mass absorption coefficient 0.19, density =
11 g/cmB, I/1 = 0.082.

The relative measured intensity is then

Tuc 0.082 0.2k ‘
I,. = 0.86:0.% * T, -o.24 = 0037
.l .
e - ggg__r]_ = 0.0%6
IAi * Iye

About 4% of the total detected coincidences come from the tungsten
carbide anvils. For the Yb and Bi samples, the results areArespectively
about 1% and about 0.25% using mass absorption coefficients of 0.25 and
0.21, and densities of 6.98 and 9.8. '

A h%jcontribution’to the total'measufed rate is not entirely
negligible, but it shoﬁld not seriously affect'thé results. The tungsﬁen
carbide has Vvery low compressibility, therefore its positron annihilation
spectrum should presumebly be almost independent of pressure so that any
change with.pressure of the spectrum can clearly be ascribed to the

aluminum sample.
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e 'éggplar Correlati@nﬁggpgratus

The physical constructibn of the positron annihilation angular cor-
relation apparatus is shown in Fig. 8. The scintillation counters are
not shown in this figufe. The ébparatus was constructed to take advantage
of the small vertical dimension of the high pressure sample in Bridgman
anvils. The angular resolution of the instrument depends as much on the
angular size of the sample viewed from the slité as it does on the angular
size of the slits viewed from the sourceol The apparatus is simple in
design, yet so conceived as to minimize alignment'problemso At the cen-
ter of the apparatus is a sleeve into which the Bridgman anvils fit
tightly. The sleeve is constructed such that wﬁen it is forced down
onto the lower anvil until the inner ring in the“sleeve rests on the
lower anvii, the pivot on the outside of the sleeve is centered at the
center of the top surface of the lower anvil. Both arms move on this
pivot. 'The slits, which consist of two lead blocks each, spaced by
shims of the desired thickness, are parallel to the bottom of their
respective arms, The top‘surfaces of the lower iead blocks are at the
same height from the bottom of their respective arms as is the center of
the pivot. Thus, when assembled, the bottom surfdce of the slits are
always pointed directly at the center top suiface of the lower anvil.

The 20 mil slits used in this expefiment, therefbre, point correctly at
a 20 mil thick sampie; Other sizes ére in error by an ihsignificant
amount.

In.operation one arm is fixed at an angle approximately 90? to the
pressure transmitting column. The other arm is moved varioug amgunts

which are measrued by a dial indicator. The indicator is fixed
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perpendicﬁlar to the movébie.arm 40.0 in. from the:pivot and measures
against a'stationary surface. After counting an appropriate lenght of o
time, the.counts from each detector and the coincidénées are recdrded;

The electronic circuif is shoﬁn in Fig; 9. The gamma ray detectors
are NaI(Tl)-photomultiplier-preamp assémblies. The NaI(Tl) crystals are
two inches in diémeter and two incheé long. The single chanpel analyzers
are set to pass signal pulses corresponding to'gammé rays of apprbxi—
mately 0.3 fo 0.8 MeV energy. This insures the inclusion of all
0.511 MeV annihilation gammas while execluding the 1.5 MeV gammas from
the decay of Na22 to Né22 and all low energy gammas from scaftering of
the positrons and gamma’ rays.

The number of coincident counts and the total'ﬁumber of counts
betweén 0.3 and 0.8 MeV from each counter are collected in three differ-
ent scalers. The three scalers and the elapsed time meter are controlled
by a singlé mechanical switch Which.is oberated by hand. The clock can
be read fo 0.0l minute and has at least this accuracy over-a 12 hr period.
Since all ﬁoints were taken with a running time of at least 50 min, the
eryur iu.reéding the elapsed time is negligible. 

A1l data were corrected for the small difference in counting rate.
al the movable arm as a function of angle. This difference is presum-
ably due to the fact that at ‘different angles the gamma rays must pene-
trate slightly amounts of mass. This coirection is not large, amounting.v
to in the most extreme case 3%.

All data were corrected for random background coincidences., This
correction is easily made since the number of random coincidences is

proportibnal to the product of the total number of counts from each
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counter. The proportioﬁality constant is easily found by measuring
the number of coincidences with the apparatus set at a very large

angle where all the coincidences are presumably random.
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E. RESULTS AND DISCUSSION
1. Aluminum

Two series of positron annihilation experiments were performed on
aluminum as a function of pressure. The first series of experiments
gave anomalous results. When the sample which was used in this first
seriesuof experiments was exposed, it was observed that at some time the
pyrophyllite ring had ruptured and considerable extrusion of the alumi-
num had taken place; that is a "blow out" had occurred at some time
during the scries of high pressure experiments. ,On;the basis of the
anomalous results it was judged that the "blow out" had occurred early
in the series of experiments. This invalidated later résults. The
series of experiments was repeated with a new sample. This sample
consisted of about 1 mCi of "carrler lree' Na22Cl (from New England
Nuclear Corp.) between two discs of nominally 99.999% pure aluminum.
These discs were 7 mil thick and just under 5/16'in. in diameter.

A1l data ppints were corrected for background éounts, angle'attenua;
tion, and half 1ife of the Na22 source,. The points from a given pre-
sﬁre, as explained earlier, were then fit with an eleventh degree
polynomial in the square of the angle.

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

accumulated at thal angle. Data points from negative angles have been
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plotted as though they were taken at a positive angle; that is the

curve has been folded over at zero angle. No error is shown in the mea-
surement .of thelhnglegéincéxtheUéngleyheasurtngidewicé*has"marks#ht in-
tervals:correspondingi to’0.025 milliraddans (mr) and it:is easily read.
to 0.005-mr« " The:ifitfedcurve forcO:.gbar after: compregifor and & seg-
fhéfit Bcthe Tivted bhrvehsds O kbar-befove eompréssion.are ‘8150 shown
in:vFig‘r:-.;.»ioiﬁor cém’pafo}issS'fi'i{.qgithz':-tne.:'.'S's.kbdi:lcﬁrvew SATlreutwve -are fnorma-
lizeaﬁtélaniiﬁtensipy%q§:ﬂ£ﬁﬁat Zero angle;u

The slopes which were derived from the 85 kbar Al data are shown

in Fig. 11. The slopés.which were derived from points from the two
different halves of the curve are shoWnAwith different symbols. As

in. Fig. 10, all pointé are shown at positive angles only. All of the
points shown have approximately the same absolute error. The scatter

of the pbints gives an estimation of this egror. *Thelstandard deviation
is estim@ted to be less than 0.0l in the units used; thi§ is. about 24

of the maximum slope. The solid curve. is the analYtical-dgrivation of
the curve which was fit to the original 85.kbarAdata poiﬂfs; The solid
curve and the points were ebtained by essentially different methods,

yet there ie a remarkdble degree of correlation between the two. This
tends fo confirm the validity of both methods éf obtaining the derivative.
The dashed curve in Fig. lla is the analytical derivative of the smooth
curve which was fit to the zero kilobar points taken after compression
to 85 kbar. |

The densities of stéteé-which were derived from this slope data are

shown in Fig. 11b. The probable errors of the density 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 is probably more reliable
than the points. Also'shown in the figure are theoretical curves which
are derived from a free electron model of aluminum at 0° K. The theoret-
ical angular correlation éurve is assumed to have the same intensity at
zero angle as the measured curve. This curve; did not take into account
the angular resolutioh of‘tﬁe apparatus. The theoreﬁical Fermi moménta )
which afe shown correspond to aluminum:with densifies of 2.70 g/cm? and
2.95 g/cmj, that is aluminum at O kbar and 85 kbaf. The pressure-volume

51

data which were used are those of Bridgman

%2

with corrections as sug-
gested bleémieson.

It is evident from ¥ig. 11b that the positron annihilation curves
which were measured for aluminum in this experiméﬁt do not reasonably
approximate those predicted by the free electron theory. It is im-
poésible to unambiguously assign a Fermi momentum to aluminum from
this data. The Free Electron Theéry bredicts that the intensity curve
will be parabolic in éhape, A parabola was, therefore, tit to the
points.‘ As points further from the center of the distribution were in-
cluded in the fit, the width ot the titted parabola increased. F¥igure
12 illﬁstrates this. If the points actually descriﬁed a parabola, the
width of tﬁe fitted parsbola would not be a fﬁnction 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 narrowér'than expected. It seems possible that the
strange shape of the alumipum intensity curve found here is due to the
state of strain of the sample. I. Ya. Dekhtyar gﬁ;g;.,BB for example,

found that the positron annihilation spectrum of aluminum narrows
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considerably when the metal is plastically deformed. .
3k | '

Kusmiss and Stewart .fodnd a similar effect for aluminum when it
-was heated. The change occurred well below the melting point, but no
further‘change occurred upon meiting. This would imply that the effect
is related to the concentration‘of vacandies or other defects in thev
crystal. This also implies that the positrdns may be attracted to and
bound by vacancies or othef defecté° As this effect becomes better
understood, perhaps it will.become a tool in the study of these defects.

In contrast to aluminum, Kusmiss aﬁd Stewarty+ found that bismuth
showed this change only when actually melted, and sodium gave the ex-
pected parabolic shape even after it was melted. MacKenzie g&_g}.,35
on the other haﬁd, found no temperature effect for aluminum. The in-
tensity curve they show for aluminum, however, does not appear to be
parabolic. it also is narrower than would be expéctéd for aluminum.
That is, it is rather like the curve we measured. Chen §E~§%f86 also
shovwed an aluminum intensity curve at room temperature and atmqspheric
pressure th#t is similar to oﬁrs.

It should he remarked in passing that we did get one and only one
intensity cnrve for aluminum that was quite parébolic in shape and of
the proper width for aluminum{ .This was the initial zero pressure run
én the first aluminum sample: the one that blew out. This sample was
not made of the 99.999% pure aluminum, but rather of 5 mil and 1 mil
foil which was previously on hand and of‘uncertain purity.

All of the aluminum intensity curvés taken from the second aluminum

~ sample, however, are similar in shape. This makes it possible to com-

pare their widths by the previously explained technique. ‘The results
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of comparing the width of the curve taken at O kbar after compression
with the widths of ali the other fitted curves are. shown in Fig. 13.
3

The interval thaet was used was 0 < 6 < 6.75 X lQ- radians. The
probable error in the width of the 85 kbar curve was visually estimated.
The errors at the other preésures were calculated frbm'this value by
assuming the probable error to be proportional to tﬁe reciprocal of the
square root of the timeAspent in measuring the curve. The error bars

on the O kilobar point after compression, which is the fiducial point,
represent the probable error in the location of ‘the starting point for
the theoretical curve. The O kbar point after compression was chosen
as the fiducial-point.bécause it was felt that this point is more
representative of the state of strain of the sample than is the initial
point. fhe theoretical curve is derived from the free elect?on theory
which predicts that the Fermi momentum is inversely proportional to the
volume of the sample to the one-third power. As before the pressure-
volume data that were used were those of Bridgman Qith corrections as
suggested by Jamieson.

It appears that the width of the measured curve scales ﬁp some -
what faster fhan V_l/5. -This is surprising since‘it is expected that

1/3

the width of the measured curve would scale up as V_ / even if the
narrowing of the curve is due to positrons preferentially annihilating
. at vacancies. Calculation of the electron wavefunctions at a vacancy
may, to a first approximation, be handled much like the particle in a

box problem. This problem yields a V-l/3 dependence of the density of

states, -
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In gddition to the'departure from the V-l/5 behavior, there appears
to be a permanent change in the width of the measured curve which per-
sists at zero pressure. If a wide parabolic cufve is associated with
the contribution due to annihilation of the positrpn with ordinary con-
duction electrons, and if a narrower nonfparabolic contribution is as-
sociated with the positrons annihilating with electrons at a vacancy,
the following explariation can be offered fur Lhe deviation of the width
of the curve from V-l/B dependence. A lattice with.a vacancy is larger
than a perfectly ordered lattice with the same hﬁmber of atoms by some
amount, & v. I the pre3suré is increased an amount, P, the internal
energy of the lattice ﬁith a vacancy increases byvan amount BAv relative
to the perfectly ordered crystal. At very high pressures it will be-
come fayvorable for vacancies to be destroyed.. 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 gome of the vacancies were per-
manently deslruyed, Lhere would Le a width increase whieh peroiocto at
7Zero pressure. This agrees with what was observed, The argument re-
mains essentially the seme if tﬁe defects causing the effect are not
vacanéies, but some other type of defects such'as plane dislocations.

It should be remarked that the expectation of a V'l/5 dependence
of the width of the curve is an approximation oniy. Calculations sug-
gest that it is not éxactly the correct dependence for the Fermi
momentum of aluminuwn, Asheroft? | has found that a reasonable fit with
experiment is obtained for the electron wave functions of aluminum by
using a weak pseudopotential apﬁroximation for an orthoganolized plane

wave (OPW) calculation. A weak pseudopotential may be written in a'
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Fourier series, U(?) = Lﬂ%; Ug e s whére-Gn is a reciprocal
Tk n i

-lattice vector, Only two distinct Fourier coefficients are necessary

to adequately describe the pseudopotential used in calculating the

wavefunctions for the first three bands in aluminum. Ashcroft found

that the values Uy ; = 0.0179 Ry and Uy,

11 500 = 0.0j62vRy give the best fit

38

to existing de-Haas-van Alphen data. Melz’  has found the pressure
derivatives of these coefficients from de-Haas-van Alphen effect studies
to 7 kbar. They are dU;,,/dP = 1.6 X 107 Ry/kbar, and AU,,,/dP =

2.1 X 107u

Ry/kbar. Assuming these derivatives to be constant to

100 kbar, Burton3 calculated an average momentum at the Fermi surface
which ﬁas 0.049 larger than that expected from the free electron model
at 100 kbar.

The extrapolation from 7 kbar to 100 kbar is a long one indeed. It
is reasonable to expect that the first derivatives of the‘pseudopotential
coefficients found by Melz will not be valid at-iOO kbar. It is not
possible to predict in a straight-forward way froﬁ a4griori considerations
how fast the potential will change with pressure. However, it is not
unreasdnable to expect that it may increase faster than linearly with.
pressufe; This leads to an even greater departure from the V-l/3
dependencg.

To the author's knowledge no one has performed a calculation on
the expected angular correlation distribution of annihilation gammas
from a positrdn bound to a vacancy in aluminuﬁ. It is not even certain
that a positron can be bound by a vacancy in aluminum at room tempera-

ture or above. Until such a calculation is performed it cannot be

saild with certainty whether or not the strange angular correlation



curves measured here are due to the postulated preferential positron

annihilation at a wvacancy.

2. Bismuth
The positron source fior the bismuth experiment comsisted of about

22Cl from New England Nuclear Corp. This

1.5 mCi of "carrier free" Na
was evaporated onto a disc of bismuth metal 7 mil (0.178 mm) thick and
just under 5/16 in. (0.794 cm) in diameter. A second bismuth disc was
epoxied to the first to form a sealed s;urce.. The discs were obtained
by punching them from a 7 mil thick piece of bismuth féil. The foil
was prepared by melting pellets of nominally 99.999% pure bismuth metal
from Cominco American Inc. between two pieces of aluminum whiéh had
been milled flat. Seven mil shims were pléced between the aluminum
pieces on top of the two pleces to force the liquid bismuth to the
proper thickness. Etching with nitric acid revealed that the foil was
largely polycrystalline, as desired. The grains, howgvef;'ﬁere quite
large, often with dimensions of a millimeter or morex.

All dafé weré corrected for background, angle attenﬁation, and
half 1ife of the Na2201 source, The intensity curves for two pressures
are shown in Figs. 1k. All the points are shown at. positive angles.
The location of zero angle was found by the pre&iouSly described tech-

nigque of fitting the points with a polynemial in the square of the

angle. The slopes derived from the O-kbar data by the previously

. described interpolation technique are shown in Fig. 15. This curve is

typical of the bismuth curves. The slope appears to be linear with
angle for at least the first ¥ mr. If this is true the density of

states should be & constant over that interval. The density of states
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for the O kbar experiment as a function of angle are shown in Fig. 16.
Within expefimen£al error, which is quite large at small angles, the
density of states is a constant. This implies that 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. One parabola at each of
the two‘pressures shown in Fig. 14 are shown along with the data points.
The Fermi mnmenta nbtained from the fitted parsbolas are showu in Flg.
18. The error flags were estimated from thé scéttér of the Fermi momen-~
tum ags different numbers of poitits were used for the fit. The solid line
in the figure is thé Fermi momente predicted by the free electron theory.
The free electron calculation assumed that bismuth has an initial density
of 9.8 g/cm; and that Bridgman's compressibility datauo are correct.

The Bi I-11 and LI-111 transitions at 25.4 and 27.0 kbar have been shown
as 1f they were one. Bridgman's reported volume discontinuities at

45 and 70 kbar have been smoothed over because thefe is evidence that
they do not actually exist. It was assumed that bismuth has five con-
duction electrons per atom.

Clearly the Fermi momenta derived in this way do not fit the free
electron model. A glance at ﬁhe intensity points in Fig..ll reveals
why. The parabolic distrihutions are sitting on tép of broad backe
grounds. These backgrounds are presumably due to positirans annihilating
with core electrons. The dashed curves in Fig. 14 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 the pressures., The

height of the intensiby curves were adjusted so that this Gaussian
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curve represented the same percentage area for all the pressures, about
28%. If it is assumed that this Gaussian curve is a reasonable approxi-
mationbtoihé core annihilations, and if this contribution is subtracted
from the measured intensity curves and the remainders fit with parabolas,
the Fermi momenta which are obtained ére those sﬁown in Fig. 19. As

can be seen, the agreement is iméroved considerabiy.' The reméining

lack of agreemeht will be discussed later.

The contribution of the background to the:slope, density of states,
and number of states are shown as the solid lines in Figs. 15-17. A
collectiqn of the densitiés of states at large angles for all pressures
are shown in Fig. 20, The curved line is the same Gaussian as in Fig, 16.
If the straight dashed line in Fig. 20 is assuﬁed to be the contribution
due to core electrons, the Fermi momenta which are obtained are about
2% higher than if the Gaugsian is used.

The number of electrohs annihilating per atom are shown in Fig. 21.
Since theré are known to be five conduction electrons annihilating per
atom must increase from about 1.5 at O kbars to about 3 at 95 kbars.

Al]l these electrons must be 5d dlectrons. Thé other core electrons are
much too strongly localized to annihilate with the positron. The

dashed line in Fig. 21 gives the number of elégtfons that is implicitly
assumed by the Gaussian core.correction° It should be remarked that

- the points. should only be considered aé ljower limits to the number of
electronsAbecause of the approximations that have been made. An examina-
tion of the figure reveals that the contribution of the core probably
has not been taken completely into account for the three highest pres-

sures. ‘This is not unexpected. the average interatomic distance
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changes by about 10% on compression from O to 95 kbar, Tﬁe cpncentra-
tion of 5d electrons at interatomic distances must, therefore, change
considerably. This effect alone is enough to account for the difference
between the theoretical and the experimental curves. Thé 55 kbar point
will still be somewhat high, but this must almost certainly just be due
to random experimental scatter. There is no indication that there is
anythiﬁg uqusual abouﬁ the 55 kbar intensity curve.

In éummary, the bismuth data is consistent ﬁith the free electron
theory of metals. The differences between them can.be explained by the
participation of the 5d& core electrons in the annihilation procésé.
Nothing unusual was noticed in going from one ﬁhase of bismuth to

another{

3. Ytterbium

The positron source for the ytterbium experiment consisted of
about 1 mCivoT "carrier free" NaQQCl from New England Nuclear Corp.
which was evaporated onto a /U4 mil (O;OOS’mm).thick disec of Mylar*
about. /b in.(0.645 cm) in diameter. This was placéd between two discs
of ytterbium metal 7 mil (0.178 mm) thirk and just under 5/16 in.
(0. 794 cm).diameter. The metal discs were epoxied together to form
a sealed source. The ytterbium which was used was nominally 99.9%
pure. It was purchased from Research Chemicals Cde as 10 mi1 (0.254 m) -
thick foil and was then rolled to 7 mil (0.178 mmj thickness.  The
discs were then punched from this sheet.

All data points were corrected for background, angie attenuation
and half life. The ytterbium intensity curves could not be reasonably

tit by a polynomial in the square of the angle.  Even a nineteenth
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degree polynomial in the square of the angle failed to give a fit in
which the data points did not systemétically deviate from the fittéd
curve. A élightly different approach was used, therefore. .The points
were fit with a polynomial in the absolute value of the angle. A
seventh degree polynomial was found to give an.adeQuate fit. In spite
of the fact that the first method gave significantiy poorer fits to the
data, thée position of the center of the curve which it yielded differed
by an average of oniy about 0.0l mr from that given by the second
method. The second method does have one drawback; it does not have
zero slope at zero angle. This severely limits the usefulness of the
derivatives of the fitted curve in the data analysis. The intensity
curves taken at O and 85 kbars are shown. in Fig.‘22. These curves have
been normalized to equal areaé.

The derivatives of the intensity curves were obtained by the
previously explained interpolation technique. ihe derivatives as a
function of angle for two pressures are shown in Figs. 2%a and b. It
is observed fhat the initial portion of each of these curves is iinear
with angle, ap prcdicted by the free eleclrun théory. This implies that
the measﬁred curve ig parabolic in this region. Vérious numbers of
points centered about zero angle were fit with parabolas. These fittings
revealed-that the measured points deviated randoﬁly’from the fitted
parabdlg provided that no points were used beyond an angle which o
correspornded to the maximum in the slope. Figure 24 shows the Fermi
momenta which weré obtained from the widths of the fitted parabolas,
The errors were estimated from the scatter of this width as different

nutbers of points were included in the fit. The two theoretical curves
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which are shown are from the free electron théory ;ssuming two and

three electrons per atom. An initial density of 6.98 g/cm§ was assumed
for Yb‘metal for the calculation of the theofeticgl curve. The volumes
which were uéed in the calculation were those of Btevené.hl This data
only extends to about 40 kbars. Two different approxiﬁations were
'made for the compression of Yb from 40 to 85 kbars. For the first
approximation the cdmpreésibility of Yb from 40 to 85 kbars was assumed
to be similar to that of nearby "normal" rare earfhs from O to 45 kbars.
This is not unreasonablg since Yb is thoﬁght to become a normal rare
earth at the 4O kbar phase transition. This approximation almost cer-
tainly does not overestimate the compressibility and may underestimate
it. TFor the second approximation it was assumed that Yo has the same
density at 85 kbar as it would if it were a’norma; rare earth compressed
to 45 kbar. This gives a smaller volume and, thérefore, a higher Fermi
mome ntum, This approgimation probably overestimates the compressibility.
Fértunafely these theoretical curves are not strongly depcndént 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 core annihilations have
not yef been taken into accoun%. At very high momenta presumably the
ohly contribution to the measured curve is that.from annihilation of

the positrons with electrons in core states. This contribution ;hould
be relatively independent of pressure. AFigure 25 sﬁows the aensity of'
state data for all pressures at momenta greater than about 7.2 X lO-5 nme.

A1l data have been normalized to each other by setting the areas of the
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measured curves equal to eéch other. Aé wés discussed earlier, this
normalizafion is equivalent to normalizing to the same number of elec-
trons‘annihilating. These pointé suggest a straight line. Three dif-
' ferenéjémﬁirical contributions of core annihilations to the measured
speét?uﬁnhave been calculatéd. These are represented by the two dashed
straigﬁt liné; and the curved line in Fig. 25.' The curved line is
obtained from a Gauséién curve which gives a good fit to the far tail
points ofithe intensity curves. The dashed and SO;id line in Fig. 23
represent the contributions to the slépe‘corresponding to the upper
dashed line and the Gaussian curve in Fig. 25,.

The measured intensity points weré corrected for these contributions
and the points fit with parabolas. The Gaussian'correction to the in-
tensity is shown as the dashed 1ine-in Figs. 22a and b.  The intensity
curves after fhis correction are shown in Figs. 26a and b. .A fitted
parabola is also shown in these figures. The:Gagséian correction is
about LU% of the tobal area of the intensity curves. All three cor-
rections yielded similar corrected Ferﬁi 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 thelGaussian
core correction are those shown in Fig. 27. If the deﬁsity of states
is that shown‘in Fig. 25 by the upper dashed line, the O kbar points
are about the same as those shown, and the 85 kbar point is about 0.1
unit greater. If the density.of states used for the correction.is that
shown by the lower dashed line, the O kbar points are about 0.2 units‘
greater, and the 85 kbar point about the same as that shéwn in Fig. 27.

All other points are about the same with each of 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 the right direction, and is
relatively insensitive to the exact correction used.

All of ‘the slope‘versﬁs angle plots seemed.to be linear for the
first 2 mr. The slope at 2 mr was, therefore, éaléulafed from a straight
line which was fit through the origin to those points betwéen O and 2 mr.
Using the assumption that this slope is characteristic of the conduction
electrons, the number of electrons annihilating at each pressure were
calculated. The results are shown in Fig. 28, The error bars reflect
the error in measuring the slope of the curve. The error in measuring
the area of the curve is only a few teﬁths of a percent, which is
negligible compared to the error in deriving tﬁe slope.

The first thing that becomes apparent gpoﬁ examination of Fig. 28
is that the number of electrons is larger than might be expected. At
O kilobars it is well established that ytterbium has only two conduction
electrons. Hall effect measurem.ents42 and positron lifetime measure-
ments are consistent with a picture of two conduction-.electrons in

ylterblum, Magnetic susceptibility measurementsAB

show that there are
virtually no unpaired electrons. The conclusion must be reached, then,
that positrons in Yb at atmospheric pressure anihilate; on the average,
with about 1.6 core electrons for every 2.0 conduction electrons. This
is not unreasonable. It is known that the lifetime of positrons in Yb
is abouf 30% longer than in its normal, three conduction electron, rare

ho

earth neighbors. It is known from theory that the positron lifetime
should vary faster than the density of electrons in real space for this

range of densities.lm Theory also yields a lifetime which is an order
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of twiée és long as thé measured 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
electrqhs. The total number of electrons which is implicitly assumed

by the Gaussian correction to the intgnsity curve is shown by the
horizbntal dashed lines in TFig. 28. The uppef_line assumes three
conduction electrons and the lower line, two. These lines appear to be
consistent with the points shown. The estimates made here of the number
of electrons per atom annihilating, however, should only be taken as
lower limits because of the assumptions involved.

The next question that occurs is thaf of which core electrons
annihilate with the positrons. The positron, being a positively charged
species, tends to stay as far Away as possible from the positively
charged nuclei. At these large distances it will be well shielded from
the nucleus by the core electrons. Only elecfrons which have a good
probability of being at large distances from the nuclei will have a
good chance of annihilating with the positron{ Of the core electrons
in Yb, those electrons in the 5p and 5s states will have the greatest
probability of béing at the distances which are involved, about four
atomic units.h5 The S5p have somewhat higher prdbability than the 5s
electrons. The probability of a Lf electron being at these distances
is an order of magnitude less. Taking into aéqouht the number of :
electrons occupying each kind of state and their relative probabilities
of being at large distances from the nuclei, it can safely be said that
most of the core electrons which annihilate with the positrons are

electrons in 5p states. A few 5s and 4f electrons also annihilate.
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It is.to be eipected that the number of core elgctrons annihilating
will change only slowly with pressure.

Figure 28 shows that the total number of electrdns annihilating
with the pésitrons is much greater under the application of even as
little as 10 kbar than it is at O kbar. If this resuit is compared
with Fig. 27, the explanation which suggests itself is that under
préssure an eléctron, or an appreciable fraction of an electron per
atom, io bcing promoted Lu & 04 conduction band. The further slight
increase in the number upon the.application of more than 40 kbars of
pressureuis just due to greater annihilation with the core electrons.
Only the 4f electrons are close enough energetically to the 5d states
to be prombted to a 5d state.

In order to explain this data in a manner that is consistent with
previous measurements of electrical resistivity, Hall effect, and mag-
netic susceptibility, the band.structure of Mig. 29 is proposed. The
probable widths and pogitivns of the hands as a funetion of intcratomic
distance are shown. rp is the interétomic-disﬁénce at somc pressure, p.
The solid lines show the proposed energies for aﬁ Yb2+ core, The

3+

dashea lines show the energies for an Yb core. If an electron is
transférrgd from a Uf state to a 54 state, the levels of all the other
states shift. This is because the outer states now see a core of 3+
chargeviﬁstead of 2+ charge. It is effects of this type which make
diagraﬁs of the type shown here of limited usefulness. With this in
mind the following explanation is offered fbr.the positive pressure

coefficient of resistivity of Yb up to the fcc-bece phase transition

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 atmosphefic
pressure. Lock's measurement leaves little doubt that at atmoéphéric
pressure there are about 2.004 conduction electrons per Yb atom. It
is known; however, from Hall effect measuremenfs.that the main carriers
in Yb aﬁ atmospheric preséure are holes.h2 The number of holes appear
from the Hall efféct measurements to be almost independent of tempera-
tﬁre. These facts indicate that tﬁe 5d band almost certainly vverlaps
with the 6s band and that the holes have very much lower effective
masses than the electrons. For holes near the top of a broad band
such as the 6s band in Yb, effective masses of 0.0l or less are not un-
common. On the other hand, electrons in a narrow band, such as the
5d band, mdy have effective masses of several hundred. If the relaxa-
tion times are similar for the electrons and holes,the holes can have

an effect on the conductance which is.fodr orders of magnitude greater

than that of thc tlcetrons.

e

The conductivity of fec Yb, then is determined maihiy#by the very
light holes at the top of the 6s band. The electrons in the narrow 5d
band have high effective mass and contribute very little to the con-
ductivity. It appears that unde£.the application of pressure it becoﬁes
energetically favorable for 4f electrons from at least some of Lhe atoms
to transfer to 54 states. This causes the top of the 6s band to fall
below the Fermi level. This causes the &estrﬁbtion of holes as elec-
trons fall into the 6s band. As pressure is further increased, it

becomes favorable for a larger percentage of 4f electrons to transfer

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



-91~

Lf electrons. It is net energtically favorable for a secondbhf electron
to be transferred to a 54 state, creating a 4+ Yb core. This decrease
in the number of holes with pressﬁre causes the observed increase in
resistivity. The negative temperature coefficient of Yb from 20 to

4O kbar may be interpreted in the follbwing manner. As the temperature
is increased, increased thermal excitation of electrons from the top of
the 6s band to above the Fermi energy allow the holes which are created
in the 6s band to conduct electricity. The band gap measurement of
Souers6lmay then be interpreted as measuring the everage energy dif-
.ference between the top of the 6s band and the Fermi surface, not an
energy gap in the normal sense.

This explanation is also compatible with the resistivity-pressure-
temperature measurements on Yb by McWhan 93_35.75 At the lowest
temperatures which they obtained (2°K), the conductivity of fec Yb at
| atmospheric.pressure is about four and one half orders of magnitude
greater than it is at AS kbar. This is consistent with the estimated
effective masses of holes and electrons in the 6s and 5d bands.

After the fcc-bee phase transition, the character of the 5d band
is probably very different. It is likely that the wavefunctions of
the 5d bands still have a great deal of 5d atemic orbital character
about them, and are, therefore, quite sensitive to the geometry of
the surrounding atoms. From the previous arguments on the effective
masses of the electrons in the two'bands, it seems most likely that
the metallic conductivity of bee Yb is due to holes, or possibly even
electrons, in the 6s band. This wbuldvrequire that 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 top of the 6s band.
From the data presented here, it can be said with a fair degree
of certainty that bcc ¥b does have threeA electrons per atom in the
conduction bands, as had been proposed. The surprising thing is that
fce Yb at 40 kbar also appears to have three conduction electrons per

atom.
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IT. MOSSBAUER EFFECT IN Dy ot

A. INTRODUCTION

The Mossbauer effect is a tool which may be used to study the
environment of a nucleus. ‘It is known that a large number of rare earth
nuclei are éxcellent candidates for observing the Mdssbauer effect.
Among these is Dyl6l, which is the nﬁcleus whicﬁ was chosen for this
experiment. |

Early work by Stone52 indicated that the Mﬁssbauer‘effect of Dyl6l
in gadolinium metal at very high pressure is easily measurable at rooﬁ
temperaturé. His detailed fésults, however, disagreed with measure-
ments made with the same isotope in other environments by other workers°55_58
Since there were several improvements which could easily be made on
Stone's apparatus, it appeared profitable to répeat his experiment and,

if that were successful, to also extend it to Dyl6l in dysprosium metal

at high pressures.

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

with the MSssbauer effect in detail.59'6l

The account given here only
covers the main results of the theory of thé Mﬁésbéuer effect.

The Mogsbauer cffect is a resonant gamma réy séatteripg phenomenon.
The usefulness of fhe effect follows from the unique set of circumstances .
which ﬁékes the effec!{ possible. Consider a free nucleus initially in
an excited nuclear staté. Assume that the nuqieus spontaneously trans-

forms to the ground state, emitting a gamma ray in the process. Because

momentum and énergy 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 -E,. E_ = EQ/(chg). m is the mass

the rec011'energy, ER' o R R

of the nucleus, c is the speed of light.A Conversely, in order to
excite a similar nucleus from the ground state to that excited state,

a gamha ray of énergy E = EO +‘ER is required. Resonant scattering of
these gamma rays cannot take place unless the width of the distribution
of the emitted gamma rays, r , is larger than the recoil energy.

> ER' This width is determined by the mean life, 7, of the'excited
nuclear state through the uncertalnty principle, It =.ﬁ. It v is

1077 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

is about 10-5‘eV. Eg >>T . This

recoil energy was thought to make it impossiblgvto perform a normal
resonant scattering experiment with gamma rays.

If the nucleus under consideration is nol ffcé, Lul is buwd in
a lattice, it cannot gain any arbitrary amount of kinetic energy, ER'
The amount of energy the lattice can gain (or lose) is quantized.
When a nucleus which is bound in a lattice emits a gamma 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 not Chaﬁge its energy state.
In that case the energy of the emitted gamma ray mﬁsf be équal to the
energy of the nuclear transition. E = En. Undef favofable'cénditions
the probability of this happening may be very great. Since E can equal
EO for both the emission and absorption process, it is poésible to

perform the resonant scattering experiment. This was Mossbauer's

discovery.
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When this recoilless emission takes place the-wiath of the dis-
tribution of the emitted radiation is Jjust 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 levelg relatiye to the initial

unsplit stéte due to the quadrupole splitting are
_ _eqQ 2 2 2 1/2
By = pefomy) mp - W] (1 +07/3)

m. = I, I..l’ ceeen, -T

I
I = spin of the nuclear state
Q@ = quadrupole moment
eq =V, = 3°V/32°, V = electric field, v, >1v | > lvyyl
Vex - Vyy '
N = asymmetry parameter = — " > 0< <1,
4 zZZ

The energies due to the magnetic splitting are

By = -eHpfng
My = nuclear magneton
g = gyromagnetic ratio

H = magnetic field magnitude.

Note that the magnetic splitting creates 2I + 1 states while the
quadrupole splitting only creates I + 1/2 or T + 1 levels., The quadrupole
splitting does not 1ift the degéneracy of states with the same absolute
value of mI; Both the excited and ground staﬁes can be split. Thel

possible transitions are governed by the selection rule A my = 0, *l.

The magnitude of the splitting in the case.of mixed magnetic and quadru-
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field and the electric field gradient. The splittihgs are illustrated

‘in Fig. 30 for a nucleus with spin 5/2 in both the éxcited state and

in‘the.grOund state. Also shown are the seven allowed transitions for
quadruﬁole Splitting and the sixteen allowed transitions with pure
magnetic splitting or mixed quadrupole and magnetic_splittings. The

figure shows the magnitude of the splittings to be the same in both

.states. This is not the general case.

Note that the splittings do not chahge the energy difference between
the centers of gravity of the two nucleaf states: This energy difference
can be chénged an amouﬂt AE if thé nucletus in the excited state is dif-
ferent in size from the nucleus in the ground state. This shift is due
to the electrostatic interaction of tﬁe nucleus with the electric field
due to ﬁﬁe electrons at the nucleus. To a first approximation,

‘DJ D . - - 3 . .
RR ¥ (0). AE is the energy shift, AR is the change in

AE «
the size of thé nucleus, ¢?(O) is the clectrou ch@rge density at the
nucleus.  Yhis energy change 1§ called the chemlcul shilfl, The urigiu
of this terminology is clear since ¢?(O) is different in different
chemical environments.

If there are energy shifts and/or splittings, they tend to shift
the energy states of a nucleus in one enviromment off resonance with a
gummy, ray emitted by a similar nuclens in a different environment. The
gamma ray can be shifted in energy to bring it back into resonance by
the simple expedient of moving the scatterer with respect to the emitter.
This Doppler shifts the enefgy ot the emitted gamma ray an amount AR.
AE = B v/c; v is the Doppler velocity. The Qélbcities normally

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



-97-

Initial . Quadrupole Md-gnetic

States. Splitting  Splitting
-5/2
P -3/2
NS 5/2
-1/2
3/2
172
[ l"
M
/ ‘5/2
/ A ’
p
/ S |
// \\/' _ -3/2
<\ 7\ ‘
N < M 5/2
~> 3/2
R 172

XBI1, 707-1490

Fig. 30. Splittings of Nuclear States.
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velocities are unusually large for Dyl6l being as'much as * 25 cm/sec.
The experiment is normally performed by measuring tﬁe intensity of
the radiation transmitted tﬁrough the scatterervas a.function of the
relative velocity of the source and scatterer. A typical Mossbauer
curve wiil show a mintmum in the transmitted intensity when.the resonant
scattering is at a maximum. The velocity scale is linearly related to

an energy scale, A E. v =c A E/E.

o EXFERIMENTAL
The high pressures were produced using oppqsed Bridgman anvils,
The flat faces of the anvils were 3/8 in, in diameter. The‘source
consisted of a piece of gadolinium metal 5/16 in. in diameter ana 15 mil

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

L,5 % 10lu neutrons/cﬁa/sec in the Arco reactor. This produced Tbl61

by the reaction Gdlbo +n - Gdlbl- a o Tb161 + B . Terbiun-

61 7 day . Dy161 + B, The Dy161 is

161 undergoes the reaction Tt
produced in an excited state. The gadolinium was purchased from
Research Chemicals Co. as 99.9% pure 20 mil thick~gadolinium foil. This

was rolled to 15 mil and the 5/16 in. disc punched from this. The

pyrophyllite ring, which surrounded the source to complete the high

pressure cell, was 3/8 in. o.d., 3/16 in. i.d., and 20 mil thick.

The velocity spectrometer which was used was a cam-driven constant
velocity type. It is shown schematically in Fig. 31. The cam con-
sited‘of two circular sections and two spiral sections with transitions
regions between. The cam was so shaped that it had a constant dilameter,
This allowed a cam follower on each side of the cam to maintain con-

tinuous contact with the cam. The velocity ¥s €am ‘angle profile of
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the moving carriage is shown in Fig. 32. The magnitude of the constant
velocity depends on the speed of rotation of the cam. In the transition
regions the vélocity vs angle motion of the scatterer is in the form of
a section of'an offset sine wave which connects smoothly with the two
adjacent constant velocity sections. The total range of movement of the
scatterer was 2.865 in. (7.291 cm).

The cam was rotated with constant velocity by a Bodine Electric Co.
type NSH-55RH l/h horsepower D.C. motor with én 18:1 gear head, 'The
speed was.controiled with a Minarik Electric éo. model SH-63 solid state
speed control. The speed contfol makes it possible to set the speed of
the motor to any desired value. 'The control is so deéigned that the
speed of the motor remains constant under changing torque loads. De-
pending on the speed range to be covered, the output of the‘gear head
was put through a further reduction of 50:1 or 10:l or was coupled
directly (1:1) to the cam. The maximum positive vélocity obtainable
was about L8 am/sec with the direet coupling. It wao proportionally
vless with the gear reductions. The minimum velocity which was obtaingble
was about 0.05 of the maximum for a given gear ratio. The velocity
increments between the maximum and mipimum can in principle be of any
size. In practice the increments cannot be set with an accuracy of
better than about 20.005 of the maximum. The average velocity can be
measured to about *0.001 cm/sec.

The electrbnic set up used in the final series of experiménts is
shown in Fig. 33. The pulse height analyzer was used in four, one-
hundred channel segments in the normal pulée height analyzer mode,

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 6utput was used to controi in which quadrant of the pulse height
analyzer thé in¢oming pulses were céﬁnted. The four quadrants corre-
spond to the +V, .-V, zero, and transition regions of the cam. The
pulse height analyzer was a Victoreen model STLOOUC, four-hundred
‘ channel:aﬁalyzer. The switching circuit was a soiid state circuit,
LRL number 836382. The contrél circuit was a homemade device constructéd
from a nuﬁber of mercury wetted reed relays which was used, in conjunc-
tion witﬁ a micrqswitch activated by the canm, fo starf and stop the
counting with the cam in the same position. It also measured the total
time'spéht in measuring each set of velocity points and counted the
number. of revolutions that the cam made in that time. These data were
necessary in order to calculate the average velocity of the absorber for
those vélécity points. The pre-amp was an IRL number 11X4730S-1D FET
pre-amp:With é cooled first stage. The 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 number 3X9Lok.

Figure 34 shows the gamma ray spectrum obtained with this set up.
This spectrum was taken through the scatférer; It is composed of the
sum of the counts iﬁ the four quadrants of the PHA summed over scveral
différéﬁt velocities of the scatterer. The source was at 60 kbars. The
beak aroﬁnd chanﬁel éﬁ is the 26 keV Dyl6l Mﬁssbéuer gamma. The peaks
in the vicinity oflchannels 65 to 85 are Qarious x-rays and the 49 keV

gamma which is produced when Dy‘L6l decays from the 75 keV to the

26 keV level.
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D. RESULTS AND DISCUSSION
Several attempts were made to duplicate Stone's experiment.52 The
source was prepared in nearly the same manner as Stone's. Absorbers
of the same thickness range as Stone's (5 to 20 mg/cm?) were prepared
in an identical mahner. No Mossbauer effect was observed at any pres-
Stone reported a 3% absorptién at 30 kbar. In a final series of experi-
ments -a much thicker scatterer was used. It consisted of about 100 mg

61

of Dy,0, enriched to 9u% Dy:L dispersed in about 1 gram of LiF and

3
compressed into a disc one inch in diameter. The disc was annealed

at about 600°C‘for about 15 hr., Dy’203 was chosen as the material to

use for the scatterer because Sklyarevsky gz_g;.62 had reported that
this compound gave an unsplit résonance at 506?0. .Although their
evidence for this unsplit resonance is questionable, it is the only
report of én unsplit resonance of nearly natural linewidth with Dyl6l.'
Tt waé hoped that if the effect at room temperature were great enough.
it would be feasible té try to obserye the effect with the scatterer

‘at 500°C and thereby reéolve the fine structure of the source.

The results of the measurements with the emitter at 40 and 60 kbar
are shown in Fig. 35. 'The point at zero velocityiand relative intehsity
1.000 is a fiducial point. All intensities are relative to this point.
The sum'of‘the‘counts in channels 22 through 27 weré divided by the
sum of the counts in cﬁannels 32 through 99. Thié.ratio was calculatéd
for the~quadrants correspondinglto +v, -V, and zero Doppler velocity.

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

¢hannels 32 througlf99 are independent of the rclative velocity of the
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scatterer and the source. The ratio, then, is a measure of the resonant
s;attering of the 26 keV gammas. The +V and -V ratios were divided by
the ratio ét zero velocity to obtain the points displayed in the filgures.
Points within a veloéity range of 0.025 cm/sec have been condensed into
single points for the purposes of these figures.

There clearly is an observable Mossbauer effect with this system.

The ﬁagnifude of the scattering, however, is only about 1% without
background corrections. The full width at half maximum is about

0.9 cm/sec. The chemical éhift is about -0.2 cm/sec. Minus velocity
indicates that the source and scatterer were moving éway from each other
when the scattering was a maximum. These values compare very favorably
with those of Ofer gg;gg,56 They used neutron irradgated Gd;6003 at
room temperature as a source and natural Dy metal (300 mg/cm?) at room
temperaturc as a scatterer. The enﬁironment of Dy in Gd205 should be
similar to Dy in DybOB’ and Dy in Dy metal should bhe aimilar to Dy in

dd metal above the Curie temmerature. The crystal structures are identical
and Dy is nearly 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 electfonics and scatteref.
Tﬁe guadrupole splittings might be observed if a good single line scat-
terer could be found. There should be no more than geven lines with only
guadrupole splitting in thé,source since the Dy‘lél nucleuslis known ﬁo
have spin 5/2 in both the excited and ground states. Since the quad-
rupole moment 1s known to be nearly the same iﬁ both the excited and
| 53-8 | '

the three A m. = O transitions will be nearly the

ground state, T

same energy. This means that only five lines will be observed.
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Since the natural linewidth of Dyl6l is only about 0.07 cm/sec, five

separate lines could probably be resolved-withA a single line scatterer
of naturai linewidth if the ciutermost lines are spiit from each other

' by as much as 0.5 cm/sec. Since D:ng3 a}c 500?C_ would give too small of
an effect and no other possibilities were known, the experiment was

terminated.
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ITI. CRYSTALLINE PHOSPHOROUS

A, INTRODUCTION
A considerable amount of work has been done with crystalline or
blgck phosphorous since Bridgman's discovery of it in l9ll+.63 This
has resulted in an extensive body of information about it. Most of
this informétion is at lower pressures than are available today. It

was dquickly discovered to have fair electrical conductivity and a nega-

63,64

tive temperature coefficient of resistivity at atmosphérdc pressure.
This is characteristic of a semiconductor. Later work revealed that the
crystalline phase is-thermodynamically stable with respect to fhe other
known forms of elemental phosphorous at room temperature.65 The other

known forms are all amorphous. Ite rather complicated atmospheric

v r

pressure crystal structure was elucidated by Hultgren et al. His

calculated density of 2.69 gm./cm5 compared very favorably with measured
63,67-9

values.

Other high pressure phases of phosphoroué ﬁere reported from time

70-2

to time. While investigating the crystal structure of the high

pressure phases. of phosphorous, Jamieson found a previously unknown
phase change of phosphorous from the A7 (arsenic) type of structure to
pimple cubie at 11139 kbar.75 3ince phosphurvus 1o a simple cubice
structure must be metallic in nature, it appeared as though the phase
transition might be accompanied by a large change in the electrical
resistivity. It was, therefore, decided to measﬁrgwﬁgg_zg§;§§§p§erof

L R P

a phosphorous sample up to 150 kbar. This is somewhat hig her than

s e o A AN e

previous measurements had gone,
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B. THEORY

It'is‘very difficﬁii to calculate the electrical conductivity of a
solid from a-priori assumptions. Nbrmali& certain éﬁpirical parameters
are used in the description of the phenomenon. In the Free Electron
Approximation, the electrical condﬁctivity, c., iS'hegT/m. niis the
number.of free electroné per unit cell, e is the charge of an electron,
m is its mass, and T is the relaxation time, which i's assumed to be
the same for all conduction electrons. 7T is not a quantity which is
easily calculated. Depending on the size, purity, and temperature of the
solid, the effect on T of one or more of the following phenomena may
have to be considered: impurity scattering, boundary scattering, phonon-
electron scattering, electron-electron scattering, and perhaps others.
If more than one conduction band must be éonsidered, the expression for
the conductivity becdﬁéS; o = nlee'rl/m1 + ngeexg/hb + o
The numbers refer to differeﬁﬁ bands. n, 1s the effectlve number of
conduction électrons in the first band, and m1 is the effective mass.
Only thoée electrons which lie on a section of the free Fermi surface
and fhdSe electrons beneath them are effective in the electrical con-
ductivity. Those electrons on the Fermi surface at a zone boundary
cannot be excited to other states by an electric field of ordinary
magnitude, except in certain semiconductors (Zener breakdown).  The
quantitiésgbgtheffvxg andnyeff arextensgf-quahtitiéka'.Alb“foilowing?
distussiohsiwill:treat! them hstetaiaré;vhbhe§er5“for the 'purpose of clarity.

For simple metals at ordi'nary temperatures, N e and M ep are

relatively independent of pressure. Theretore, BQ/BP depends primarily
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on a’f/aP. T is dominated by the electron-phonon scattering at
ordinary temperatures. Since the Debye temperature increases with pres-
sure, the number of phonons decreases, and the electron-phonon scatter-
ing decreases with pressure. This leads to an increasing T and, there-
fére, an increasing o . The conductivify of a simple metal, therefore,
shogld_show a slight increase with increasing preséure at constant
temperature.

The pressure dependence of the conductivity of a semiconductor
usually depends primarily on anl/aP, and Jor ané%aP.. At least two
bands must be considered for semiconductors. Thesé derivatives depend
on‘the pressure derivative of the band gap. No‘éimple rules exist for
predicting how the band gap of a semiconductor will change with pres-
sure, The conductivity of a semiconductor may either increase or de-

crease with pressure.
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C. RESULTS

The high pressures for this experiment were produced using
Bridgman anvils, For resistance measurements the substance of inferest
occupies'bnly a small percentage of the available volume. The balance
of the volume is filled by 8ilver chloride which provides an electrically
insulating, quasi-hydrostatic pressure transmitting medium.

In all of the phosphorous resistance measqrements, the black
phosphorous was produced in sito from red phosphorous.* The transition
takes place at about 90 kbars in the system which was used. This agrees
with the transition pressure which was observed by'Bridgman72 in the
course of cOmpressibility measurements on red phosphorous. With a great
deal of shear fprce the transition may occur below 50 kbar at room

Th

temperaturg. In practice the application of an electric field of
1135 V from three 45 V "B" batteries would cause the transition to occur
as low as 50 to 60 kbar in the system which was used.

An initial serieé of relatively crude experiments was performed.
These experiments failed to revéal a pressure discontinuity 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, therefore, performed. All of the new sampleé included an internal
thermocouple and an internal pressure standard.’ The pressure standard
consisted of a length of bismuth wire. Bismuth has three well known

phase transitions under pressure which are easily seen with resistance

measurements. The Bi I-II, II-III, and III-V transitions are assumed

- . _ .
B & A Amorphous Phosphorous, Red Powder, Code 2062.
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to occur at 25.4, 27.0 and 88 kbar respectively.ls-Qo All resistances

were measured using the four-lead technique, which eliminates the

effect of contact resistance. The high pressure cell was surrounded

by a bath of isopropyl alcohol for this series of experiments. During
the constant temperature measurementé the bath was thermostated at about
28°C and held constant to better than O.lfCL Later temperature cooffiA
cient measurements ghowed that a change in temperature of 0.1°%C wauld
result in a resistance change of the ohosphoroué'of about 0.01%. For
measurements ot resistance as a function of temperature the bath was
cooled with dry ice or heated with a resistance heater.

A number of different samples were built which‘differed in the
details of éonstruction, but which were basically'the same in concept{
One of these'is shown in exploded form in Fig. 36. The phosphorous
sample was formed by carefully filling a depressioﬁ in the silver
chloride disc with red phosphorous; The depression was made by preseing
a hoop of 5 mil wire about 3 mil into the silver ohloride, and theﬁ |
removing the wire. All lead out wires were 5 mil platinum wires, cx-
cept~for the thermocouple wires which were 36 gauge chromel A and
alumel wire.

Although a number of samples were built, only two yielded extensive
results. bThere were experimental difficulties with the others. The
partial results from the other did agree with ohe more complete results
from the two good samples.

Resistance measurements on the first good sample:-were pfecise to

~about 0.1%. ''he measuring current was 100.0 mA. These measurements

revealed that the resistance of the sample did not come to a constant
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value even several hours after a pressure chénge. After increasing the
pressure the resistance would decrease with time, and after decreasing
the pressure the resistance would increase with time. The sample was
held at 122 kbar until the resistance became constant (about 1 day).
Then the resistance was measured as a fuhction of temperature. These
data are shown in Fig. 37. A thermocouple reading of 0.6 mV corresponds
to about 28°C. The reference juncfion was at the ice point. There is
a coneiderahle amnunt nf temperature hysteresis apéarent in the data.
This is probably duelto a temperature gradieﬁt between the sanple and
the thermocoﬁple. The cooling and heating cycles were both done quite
quickly. It is surprising that the gradient would.be so large, as the
sample and thermocouple were not more than l/h in. apart. Only the sign
of the temperature coefficient, however, is ot -interest, and thls cuan be
detem ined unambiguously in'spite o the Lempeyature hystcrlocu, Thw
resistance was measured with the current flowing first in one direction
and then the other. The average of the twé measurements is shown in
the figure. This procedure eliminates the effects of thermal EMF's.
Careful resistance-pressure measﬁrements were made with the second
good sample. The resiétance could be meaéured yifh the apparatus which
was used with this second sample to a precisioﬂ_of 0.01 %. The un-
certainty introduced by the time dependent drift of the resistance is
greater than this., The measuring current that was used was about 0.4 mA. -
The experiment was performed in the folloﬁing manner. After a pressufe
change, the pressure was held constant until the resistance of the
phosphorous was constant to within 0.0%% over a pgriod of several hours.

Then another 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 crystalline phosphorous above 80 kbar has the
T3

A7 (arsenic) structure. This is a rhombohedral structure with a

basis. fThé rhombohedral angle, @, at 83 kbar is 57.25°, and
| 73

a, = 5.52h A. The basis vectors are (0,0,0),‘(2u,2u,2u) in terms

of the lattice vectofs. u is between 0.21 and 0.22 at 83 kbar. Ac-

cording to Jamieson this becomes simple cubic ﬁith a = 2.37 3 at

about 111 kbar.Y; The simple cubic structure is jusza special case

of rhombohedral with o = 60°, u = 1/4, and as such represents only a

slight distortion of the lower pressure rhombohedral structure. This

distortion, however, may have profound effects on the electrical proper-

ties. = . | :
Phosphoroué has fivé conduction electrons pef atom. The rhombohedral

structure has two atoms per unif‘cell. Each band, or zone, is capable

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

rhombohedral phosphorous weré very large, the ten-electrons per unit
cell would exactly fill the first five bands and rhombohedral phosphorous B
would be an insulator. With smaller band gapé'it would be a semi=~

conductor or metal. Simple cubic phosphorous, on the othef hand, has
only one bhosphorous atom per primitive unit cell, and fherefore need
only accommmodate five electrons per'unit cell in the band structure.
Since, regardless of the energy gaps, one band must be at least half
émpty, simple cubic phosphorous must be a metal. A room temperature
resistivity on the order of 10 'uf2 -cm for 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 111 kbar. There does appear to be a
small discontinuity in the resistance curve between the points at
113.8 kbar and 115.h kbar, but it is not clear that this is outside of
the experimental error due to the time dependent drift of resistance.

This experimental set up is very poor for determiﬂing 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 mfwemsz.  This is an order of magnitude greater
than what is expected for simple cubic phosﬁﬁorous; It can be said,
then, that the resistivity measurements give no.support for the existence
of simple cubic phosphorous in the pressure interval whichfwas covered
in this experiment. A later coumpression Lo 190 kbar also failed to
show any evidence of a phase transition.

The pressure dependence of the resistance also appears to be
greater than what would be expected for a good metal. As discussed
earlier, the pressure dependence of resistivity of a good metal at
ordina;y temperatures depends mainly on the pressure debendence of the
Debye temperature. This in turn depends mainly on the compressibility

T2

of thé metal. Compressibility measurements by Bridgman'~ reveal that

the compressibility alone is not great enough to account for the observed
pressure dependence of resistivity. This implies that the effectiveé
number of electrons 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 rhombohedral form of phosphorous,

but not with the simple cubic form.
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A In summary, 1f simple cubic phosphorous does exist it must be at
a pressure higher than 130 kbars on the scale used here. This pressure
~ scale is based on the bismuth III-V transitioﬁ occurring at 88 kbar
on compfession. -Jamieson's pressure scale is based on the compreésibility
of NaCl as measured by Bridgman. Therein may lie the discrepancy
between Jamieson's'qbservation of simple cubic phosphorous at 111#9 kbar
and the failure of the present work to observe it at pressures as high

as 130 kbar.
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