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The volume discontinuity of cesium at 45,000 kg/cm? is attributed to a shift of the valence electrons
from the 6s zone to the empty 5d zones. A Wigner-Seitz calculation for the 6s and 5 bands supports this
explanation. The potential used is described and tabulated. The possible existence of similar transitions for

potassium and rubidium is discussed.

L INTRODUCTION

N investigating the compressibility of cesium,

Bridgman' found a volume discontinuity of 11
percent at 45,000 kg/cm? Above the transition the
compressibility is unexpectedly small in comparison
with the other alkalies and decreases abnormally
rapidly with increasing pressure. Figure 1 shows the
volume as a function of the pressure.

In order to explain the phase transition, Fermi pro-
posed that the valence electron is forced into a vacant
internal orbit. This hypothesis is suggested by the large
volume change and the proximity of cesium to the
rare earths. The two available orbits are 4f and 5d.
The possibility that the 4f orbit becomes occupied can
be ruled out on the following basis. If this hypothesis
is to be accepted, the energy of the 4f state must be
close to that of the 6s band in the compressed metal
(about —0.3 Ry). This can be true only if the effective
potential for 4f has an attractive trough? in the neigh-
borhood of 7r=0.5ax (r=distance from nucleus,
an=Bohr radius for hydrogen), as is the case for the
rare earths and for the heavier elements. Integration
of the Schroedinger equation shows that the trough
must be at least 7 to 8 Ry deep for the existence of a
stationary state. The first element for which the 4f
function is internal is cerium, Z=>58. A change of
nuclear charge by one unit changes the potential at
r=0.5 ag by about 1 Ry, as is shown by an estimate
based on the Thomas-Fermi potential. Hence for
cesium, Z=>55, the potential valley is insufficient by a
few Rydberg units to give an internal 4f function. This
conclusion remains valid throughout the pressure range
studied by Bridgman, because in this range the com-
pression has a negligible effect on the potential near
the nucleus.

A shift of the valence electron to 5d is made plausible
by spectroscopic evidence. Table I gives the energy of
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configurations® involving d and s states of the K, Rb
and Cs atoms and of the corresponding alkaline earth
ions. The difference in energy between the d state and
the s state decreases with increasing Z and with in-
creasing ionization. In both cases, the potential acting
on the valence electron becomes more attractive. In the
compression of a metal, the valence electrons are
brought closer to the nucleus inside each lattice cell,
hence the distance between the 6s band and the 5d
band of cesium is expected to decrease with decreasing
volume. As is shown by the calculations (see Section II),
an overlapping of the two bands occurs at the smaller
volumes and affords an explanation of the phase transi-
tion.

II. THE ENERGY OF THE 6s AND 5d BANDS

The pressure is given by —dE/dV, where E is the
energy and V is the volume per atom of the lattice. In
order to obtain E, the positions of the 6s and 5d bands
were determined by the method of Wigner and Seitz.4
In this method the cellular polyhedron surrounding each
nucleus is replaced by a sphere of volume V which will
be called the s sphere. The lowest level of a band is
obtained by solving the Schroedinger equation inside
the s sphere, subject to the condition dy/dr=0 at
r=r,, where 7o is the radius of the sphere. Somewhat
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F16. 1. Volume of cesium as a function of the pressure. The
ordinate £ is the ratio of the volume to the volume at normal
pressure. (From Bridgman, reference 1.)

3 From R. F. Bacher and S. Goudsmit, Atomic Energy States
(McGraw-Hill Book Company, Inc., New York, 1932).
( 4 E. Wigner and F. Seitz, Phys. Rev. 43, 804 (1933); 46, 509
1934).
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TasLE L. Energy in Ry units of s and d states for K, Rb, and Cs
and the corresponding alkaline earth ions. The zero of energy
corresponds to ionization of the valence electron. (From Bacher
and Goudsmit, reference 3.)
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TABLE II. Position of the bottom of the 65 and of the 54 band
for various ro. Energies are in Ry units, 7, is in units ¢g.

70 —EuB —EqB
6.0 0.4151
K 4  —03190 Call 45  —0.8725
5.8 0.4217
3d 0.1227 3d 0.7478 56 0.4267 0.2371
Rb 35  —0.3070 SrII 55  —0.8106 5.4 0.4303 0.2419
4d —0.1306 4d —0.6764 5.2 0.4322 0.2473
5.0 0.4308 0.2533
Cs 65  —0.2862 Ball 65 —0.7350 438 0.4263 0.2598
5¢  —0.1535 5¢  —0.6862 4.6 0.4140 0.2673
44 0.3948 0.2764
42 0.3617 0.2855
40 0.3108 0.2972

different potentials, Vs’ and Vsi/, were used for 6s
and 5d. The determination of these potentials is de-
scribed in Section III. They are based on the Hartree-
Fock equations and are adjusted to give agreement
with the respective atomic levels, Eg=—0.2862 Ry
and Esg=—0.1535 Ry. In Table II the energies Eg?
and EssP of the bottom of the 6s and of the 54 band
are given as a function of 7. These energies are also
shown in Fig. 2. Below each 7y, we have listed the cor-
responding ratio V/V,, where Vy is the volume at
normal pressure obtained from the present calculations.
As shown below, V corresponds to 79=35.92 ag; the
experimental value is 5.59 ¢z. We note that in an
accurate calculation, the atomic 5d level would split
into two levels for zero wave-number, one twofold and
one threefold degenerate. This splitting is not obtained
in the s sphere approximation. However, it is believed
that it would not affect the essential results of the
present work.

The width of the bands will now be determined. For
each band we let p, be the momentum for the highest
filled level and Er the width of the occupied region, on
the assumption that all valence electrons occupy levels
in the band considered. For the 6s band,

po=(97/4)¥(h/70). 1)

For the 5d band, there are five zones which correspond
in the present method to the values of the magnetic
quantum number M. On the assumption that levels
having the same wave number vector but different M
are degenerate, the density of states is five times the
density for the 6s band, and p, is smaller than (1) by
a factor 5.

The width Er would be p/(2m) if the electrons
could be considered as perfectly free. Wigner and Seitz®
have treated the effect of the ion cores on the band
width by perturbation theory. They found that the
energy E, of the wave with wave number vector « is
given by

{——

RAT 28 | S (x-gradyo)yrdr|?
e [ } @
2m mk? A EM—E,

where E, and y, are the energy and the wave function

8 See, for example, F. Seitz, The Modern Theory of Solids
(McGraw-Hill Book, Company, Inc., New York, 1940), Chapters
IX and X.

for the bottom of the band, respectively; the sum
extends over all eigenfunctions y* of the Schroedinger

equation,
= (B*/2m) AP+ Vg = EMA, ©)

which is to be solved inside the s sphere, subject to the
condition Y*=0 at r=r,; E* is the eigenvalue and V,
is the potential representing the interaction with the
core. In Eq. (2) the integral extends over the s sphere.
If Ey and E* are expressed in Ry and lengths are in
units ag, one obtains

E P°2[1 24“”'2 )
= — —_ , 4
Toml R E*—Eo] ®

with
T T
a= 2m—f f (8¢0/9r) cosOy*r2dr sinfdf.  (5)
0 0

Here 6 is the angle between the radius vector in the
integrand and the axis of quantization of the spherical
harmonics of ¢, and ¥*. For the 6s band the’p states®
give,

a= (1/\/3)fru(dRﬁ,/dr)Rx(P)err, (5a)

where Rg, is the wave function for the bottom of the
6s band, R\‘® is the radial part of the p function y*;
the normalization is

7o 70
f Re,r%dr= f (R\®)?r2dr=1.
0 ]

Table III gives the values of a» and the corresponding
energy denominators for several ro. The sign of o
pertains to the choice in which all functions have the
same sign near r=0. In calculating the 6p, 7p and 8p
functions the potential ¥y in Eq. (4) was taken as V.
For 4p the Hartree® function for Cs* was used, and the
5p functions were determined by means of the potential
Vs, described below. Including a correction for the p
states not listed in the table, one obtains the values of
the square bracket in Eq. (4) which are tabulated as
m/me.*; me* is the effective mass for the 6s band.

¢ D. R. Hartree, Proc. Roy. Soc. 143, 506 (1934).
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As a check on the reliability of Eq. (4), the fourth-
order perturbation term was calculated. This term
gives the following contribution to the average energy,”

(3p0*/10m)(1.3150s/7¢%), (6)
where
8| an|?
)\2= 1 y (63.)
A (E)‘— Eo)2
and
[an]?

(6b)

The factor 1.315 \y/7¢? is shown as A in Table III. It is
seen that the fourth-order correction is small, except
in the region of small r,. It was not included in the
compressibility calculations.

For the 5d zone with magnetic quantum number M,
ay is given by

T aTo
oy = f f (dRsa/dr) O cosd®:M*Ryr’dr sindde, (7)
0 0

where Rsq is the radial function for the bottom of the
5d band, ©.™ is the spherical harmonic pertaining to
quantum numbers L and M, R, is the radial part of
y*, ! is the azimuthal quantum number of y*; the
normalization is

o o x
f Reatridr= f Rydr=1; f | ©.M| 2sin6d6=1.
0 0 0

axy vanishes unless /=1 or /=3; hence only p and f
states contribute. Because of the dependence of axx
on M, the degeneracy of the levels for the same wave
vector « is removed. By determining « for the highest
occupied state in each zone, it is found, for

| anr |2/ (EM— Eg)K1,
that Er is given by Eq. (4), if one takes

laa| 2= (1/5)MZ_2| anm|?, ®)
and
po=(97/20)}/7,. (1a)
We thus obtain
(2/15)} f " ARea/dn Ry, (1=1)
o= ’ (8a)

(1/5)} f " (@Rss/dnRrdr. (1=3).

Table IV gives the values of o) and the corresponding
energy denominators. Including a correction for the p
and f states not listed, one obtains the values of the
square bracket in Eq. (4) which are tabulated as

7 F. Seitz, Phys. Rev. 47, 400 (1935).
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m/msa*. The contribution of the f states to the sum in
Eq. (4) is shown as S;. The fourth-order perturbation
term is negligible for the 54 band.

When the appropriate width is added to Eg? and
to Ess®, one obtains the energy of the highest occupied
level on the assumption that all valence electrons are
in 6s or in 5d states, respectively; these energies are
given as Eg,T and Eg,T in Fig. 2. This figure shows that
at 7o=>5.22 ag, the curve for the bottom of 5d intersects
the curve for the top of 6s. As the metal is further
compressed electrons from the top of 6s move into 5d.
The fraction g of the electrons which occupies 5d can
be obtained from the following equation for the energy
ET of the highest occupied level,

ET=Egf+ (Ee”— E4®)(1—g)}
=Esf+ (Esa’— Esd®)gt.  (9)

The shift to the 5d zones is rapid. The reasons are that
E;sP decreases, while Eq? increases with decreasing
volume and that the 5d band has a greater density of
levels than the 6s band. The different behavior of the
6s and 5d curves for the lowest states is due to the
smaller number of radial nodes of the 5d function (see
Fig. 3). The minimum of the energy curve arises from
the combined effect of the kinetic and the potential
energy. The former increases with decreasing volume
because of the decreasing effective wave-length of the
electrons, while the potential energy is lowered in a
compression. The volume at which the first effect
predominates is smaller for 5d than for 6s, because of
the relative position of the outermost nodes.

The average energy E4 of the valence electrons is
obtained by adding the mean translational energy to
the energy of the lowest level of each band. We have,

E4=(1—g)[Ee®+3/5(E"— Eqo®)]
+8[Es+3/5(ET— Esa®)].  (10)

The curve of E4 is shown in Fig. 2. The minimum at
70=25.86 ag corresponds to normal pressure. With de-
creasing 7o, presumably between 4 ¢g and 5 aem, E4
ceases to be a good approximation to the total energy,
because of the repulsion of the S5s and 5p shells. Hence
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Fi1G. 2. Position of the 6s and 5d bands and average energy E4,
as a function of ro or of V/Vu.
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TaBLE III. Values of a) and of E*—E, for obtaining m/me.*
and values of m/ms,* for various radii ro. Energies are in Ry units,
7o is in units em.

70 5.8 5.2 4.6 4.0
4  an 0.214 0.216 0.274 0.466
EME, —11.3 —-11.3 —11.3 —11.4
5p o 0.276 0.281 0.357 0.601
EM—E, —0.84 —0.83 —0.83 —0.89
6p an —0.011  —0028 —0.081 —0.199
EME, 0.79 1.08 1.52 2.211
7p a —0.087 —0.095 —0.128 —0.258
EM—E, 2.62 345 4.70 6.58
8p o —0.092 —0.096 —0.138 —0.250
E*—E, 5.24 6.74 8.96 12.68
m/mes* 1.349 1.372 1.592 2.555
A —0012 —0.017 —0056 —0.479

the second minimum at 7,=2.79 ¢g has no direct
significance.

In order to obtain some information on the effects
due to Ss and 5p electrons, the energies for the bottom
and the top of the 5s and 5p bands were calculated by
integrating the Schroedinger equation subject to the
conditions dy/dr=0 (bottom) and ¥ =0 (top®) at r=r,.
The potentials Vg and Vs, used in these integrations
are obtained in Section III. Table V gives the energies
Eg®B and E;,T for the bottom and the top of 5s and the
energies Es,2 and Es,” for the bottom and the top of 5p.

The contribution Eiq of 55 and 5p to the total energy
E is given by

Eim,(fo) = 2E5,A (fo) +6Esp‘4 (ro) - 2E53— 6E5p. (1 1)

TaBLE IV. Values of ) and of E)—E, for obtaining m/msq*
and values of Sy and m/msqa* for various radii 7o. Energies are in
Ry units, 7o is in units ag.

re 5.2 4.6 4.0
4p an 0.159 0.181 0.212
EM—E, —-11.5 —114 —114
5p an —0.034 —0.044 —0.060
EM—E, —1.01 —0.98 —091
6 o —0.044 —0.049 —0.055
E*—E, 0.89 1.37 2.19
79 o —0.030 —0.033 —0.038
EM—E, 3.27 4.55 6.57
8p an —0.025 —0.027 —0.028
EM—E, 6.56 8.82 12.67
4f a 0.085 0.106 0.136
E*—E, 0.57 0.61 0.67
5f an 0.079 0.077 0.068
EME, 1.41 1.80 2.37
6f an 0.017 —0.004 —0.041
EM—E, 3.23 4.10 5.47
Sy 0.077 0.095 0.128
m/msa* 0.913 0.897 0.865

8 J. C. Slater, Phys. Rev. 45, 794 (1934).
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Here Eg* and E;,* are the average energies of the
electrons in the Ss and the 5p band; Es and E;, are the
atomic levels for the potentials Vs and Vs, respec-
tively. A theoretical determination of E;n¢, which would
require a calculation of the distribution of levels in the
two bands, was not carried out. E;,¢ is expected to
increase rapidly with decreasing 7, at the smaller
volumes, since it includes the exchange repulsion. This
effect will be discussed below. Here we note that the
second estimate given in this discussion, which leads to
a repulsion energy of 0.024 Ry at ro=4.0 ag, can be cor-
related with the calculation of the bands, if one assumes
that the average energy in each band is related to the
energies for the lowest and highest levels by the fol-
lowing equations.

EbsA = aEEsB'*' (1 - a)EEuT,

Espt = aEsP+(1— ) Es,”, (12)

where « is a constant parameter independent of 7. One
finds that for @=0.39, Ein(ro) (see Eq. (11)) agrees
with the estimate of the repulsion energy throughout
the range of 7,.

For the energy of interaction between the free elec-
trons we used the following expression, taken from the
treatment of Wigner and Seitz,’

0.6¢2

= -

7o 7o

0.288¢2
ro+5.1ax

0.458¢?

(13)

The terms in (13) represent, respectively, the Coulomb
repulsion, the exchange interaction and the electro-
static correlation.

The cohesive energy and the radius 7, at normal
pressure will now be compared with experiment. The
curve of EA+ E; has a minimum of —0.3374 Ry which
lies at 5.92 g¢g. One thus finds a theoretical cohesive
energy of 16.1 kg cal./mole. The heat of sublimation®
is 18.8 kg cal./mole. Upon making the appropriate
temperature correction (300X (6—3)=900 cal./mole),
one obtains 19.7 kg cal./mole for the experimental
cohesive energy. The experimental value of 7, is 5.59 ag.
Thus the agreement with experiment is comparable to
that obtained in similar calculations® for lithium,
sodium and potassium.

Table VI gives the energy E.s, defined by

Eth=EA+Ef
and the increase of energy AEs,
AEu(ro)=Eu(r0) — Ewn(5.92 an).

We note that E,; and AE,; do not include the exchange
repulsion, which will be discussed below. The experi-
mental increase of energy, to be denoted by AE,,
will now be obtained from Bridgman’s measurements.
In first approximation the increase of internal energy
in a compression through dV is PdV (P=pressure).

9 F. Seitz, reference 5, p. 3.



COMPRESSIBILITY OF METALLIC CESIUM

The heat released by the sample in this compression is
—T(8S/3V)rdV=T(3P/3V)r(dV/dT)pdV,

where T is the temperature which will be taken as 0°C,
and S is the entropy per atom. In order to evaluate this
term, (3P/dV)r can be obtained from the observed
compression. The dependence of (9V/dT)p on the
pressure is not known for cesium. (8V/dT)p was
therefore estimated on the basis of Bridgman’s measure-
ments!® of the expansion coefficient for lithium, sodium
and potassium up to 20,000 kg/cm?. It was found that
the heat given up in the compression to 100,000 kg/cm?
is only 0.002 Ry per atom. We now define,

Vexp
AEexp(70)= EP— T(aS/aV)T:]dV,

Vexp(r0/5.92 ag)?

(19

where Vexp=(47/3)(5.59 an)® is the experimental
volume per atom at normal pressure and absolute zero.
Equation (14) implies that we compare points on the
experimental and the theoretical curves of energy us.
volume which correspond to equal ratios of the volume
to the volume for the minimum of the curve. Because
of the thermal expansion, Vexp is a fraction (14-2738)73
of the volume at normal pressure and 0°C, where 8
is the linear expansion coefficient; upon taking!
B=97X10"% one finds a value of 0.925. Hence if £
denotes the observed ratio of volume to volume at
normal pressure (see Fig. 1), Eq. (11) becomes

AEexp(To)

Vexp

0.925
- f [P—T(5S/0V)r]dt. (14a)
0.925 J0.925(r0/5.92 ag)?

AE., is given in Table VI. This table also lists the
average pressure P,(ro) for the region between 7o and
ro+8 (8=interval for which 7, is tabulated), calculated
as follows,

AEu(ro) — AEu(ro+6)

Po(re) =
ra) dn(rot 36)%

The value which P, would have if the electrons were
restricted to the 6s zone is given as Pg. In the last
column Pp(r0) is the observed pressure, extrapolated

TaBLE V. Position of the 5s and of the 5p band for various 7o.
Energies are in Ry units, 7o is in units eg.
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F16. 3. Wave functions Re, and Rsq for the radius ro=4.6 ag of
the s sphere.

to absolute zero, for the volume
Vexpl (ro+36)/5.92 au °.

Since P, does not include the exchange repulsion, it
cannot be compared directly with P, at the smaller
volumes. However Pg— P, depends only on the
position of the bands and shows the effect of the S5d
states.

The volume discontinuity and the exchange repulsion
will now be discussed. The observed limits of the discon-
tinuity correspond to

V/V exp=0.506/0.925=0.547,
V/V exp=0.449/0.925=0.485.

Here 0.506 and 0.449 are the values of ¢ at the limits
of the transition; the factor 1/0.925 takes into account
the thermal expansion at normal pressure. For the
existence of a volume discontinuity it is necessary that
the curve of total energy E vs. V have a region of
downward curvature; the volume changes discon-
tinuously between the two points with common
tangent. Figure 4 shows the energies AEq, and AE.
The curve of AE,, is approximately a straight line in
the region from V/V;;,=0.55 to 0.4. In order to obtain
the curvature of E, the ionic repulsion energy must be
added to AE. For an estimate of the repulsion term
we use the expression due to Born and Mayer!? for the
interaction between two neighboring ions, to be denoted

TasBLE VI. Energy terms and values of the pressure. Energies
are in Ry units, pressures are in units 1000 kg/cm?, 7, is in units
ax.

r0 —En AEwn AEexp Pa Pexp Pes
ro —E:B —EuT —EspB —EspT 5.8 0.3369 0.05x 10 0.05X 1072
5.6 03342 0.32 0.28 5.0 49
5.8 2.491 2.491 1.271 1.265 54 03292 0.82 0.73 9.9 11
5.2 2.492 2.490 1.278 1.261 5.2 0.3213 1.61 1.48 17 19
4.6 2.497 2.487 1.299 1.247 50 0.3073 3.01 2.48 32 27 38
4.0 2.518 2473 1.357 1.205 48 0.2020 4.54 3.74 38 39 55
4.6 0.2757 6.17 5.20 44 45 95
44 0.2604 7.70 6.96 45 60 182

10 P, W. Bridgman, Proc. Am. Acad. 70, 71 (1934).
U I'nternational Critical Tables (McGraw-Hill Book Company,
Inc., New York, 1926), first edition, Volume I, p. 104.

2 M. Born and J. E. Mayer, Zeits. f. Physik 75, 1 (1932).
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F16. 4. Increase of energy AEex, as a function of V/Vexp; the
theoretical results AEy and AEs, are plotted versus V/V 4. The
repulsion energy must be added to AEw in order to obtain the
theoretical total energy.

by Eion,
Eion=A4 exp[(2r;—D)/a]. (15)

Here D is the distance between the nuclei, 7; is the
ionic radius, 4 and a are constants whose values will
be taken first from the work of Bardeen'* 4=1.25
X107 erg, r;=1.75A, a=0.21A. It will be assumed
that the lattice is close-packed, in accordance with
Bardeen’s explanation'® of the transition at 23,000
kg/cm? as due to the change from the body-centered to
a close-packed structure. One finds that the repulsion
energy per atom, 6Ei., increases from 0.0047 Ry at
ro=4.6 au to 0.072 Ry at ry=4.0 ag. The increase of
Eion is sensitive to the constants in the exponent. The
constants obtained by Huggins and Mayer, r,=1.455A,
a=0.345A, A=1.25X10""2 erg, would lead to an
increase of 6Ej,n from 0.0046 Ry at ry=4.6ag to
0.024 Ry at 79=4.0 ag. These estimates are compatible
with the assumption that the repulsion energy does not
become important until the metal is compressed to
about 7¢=4.5 ag (V/V=0.44). On this basis there is
a region between V/V~0.55 and V/V;~0.44 in
which the curve of E, as obtained here, is approxi-
mately a straight line. This result may be taken as an
indication of the observed phase transition. It should
be emphasized that an exact agreement with the
details of the compressibility curve cannot be ex-
pected, on account of the approximations made in the
calculation of the energy.

According to the present picture, the repulsion energy
effectively determines the lower limit of the transition,
which otherwise would extend to a smaller volume, as
is shown by the curve of E4 in Fig. 2. A comparison
with the increase of AE; indicates that the repulsion
energy probably is sufficiently large to account for the
low compressibility above the transition. We note that
when the repulsion energy is added to AE for V/Vy,
=0.40, the resulting increase of the total energy is
between 1.2 and 1.5 times the observed value AEp.

13 J, Bardeen, J. Chem. Phys. 6, 372 (1938).
“ M. L. Huggins and J. E. Mayer, J. Chem. Phys. 1, 643 (1933).
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It is believed that this disagreement lies within the
uncertainty of the calculations.

In Fig. 4 we have also shown the increase of energy
AEg,, obtained by assuming that all valence electrons
are in 6s,

AEﬁa (1’0) = EG,A (1’0)+Ef(fu) - E,h(592 aH) ,

where Eg,“ is the average energy for the states of the
6s band. AE is in much closer agreement with the
experimental curve than AFEg. The repulsion energy,
which must be added to AEg, would further increase
the departure of the 6s curve from the experimental
results.

It is of interest to examine the behavior of E near
the volume at which 5d begins to overlap the occupied
region of 6s; this volume will be denoted by V. It will
be shown that the term in E, associated with the
occupation of 5d, varies as (V,—V)%2, In first approxi-
mation, EgT— Es? is linear in V;—V, so that the
number of 5d electrons is proportional to (V,—V)%2,
Since the energy of these electrons is lowered by an
amount of the order of E¢T— E;.?, one finds a de-
pendence (V,—V)%? for the change of the average
energy. If the term in E is written as —n(V,— V)52
(n>0), we have

d*E  d°E 15
(5m5), —oei r<r) ()
av: davi/v, 4
for small V,—V. The term d?E/dV?)v, is characteristic
of 6s and is positive. Because of the second and higher
terms in the expansion, d?E/dV? becomes negative
unless the exchange repulsion predominates. The limits
of the discontinuity lie outside the region where
d?E/dV?<0 and the upper limit is not expected to
coincide with V). Thus for small # or strong ionic
repulsion, the transition rends to occur after the bands
have begun to overlap. We note that the 6s-5d over-
lapping occurs for V;/V4=0.686, while the transition
starts at V/Vexp=0.547.

If the present explanation is correct, the phase
transition is associated with a marked increase of the
magnetic susceptibility. For perfectly free electrons, the
susceptibility (per gram) x, due to spin paramagnetism?!®

is
3Ny 7 eh \?
Xp= _) )
24 Epr \2mc

(17

(No=Avogadro’s number, 4=atomic weight). Upon
taking Er=p*/(2m*) (see Eq. (4)), we find x,=0.090
X 108 for the 6s band and 0.448< 10~ for the 5d band,
at ro0=4.40 ax (lower limit of transition). For the total
susceptibility x we obtain

x=3%(0.45X10-%)—0.29X10~¢=0.01X 1075,

Here the factor 2 accounts for the diamagnetism of the

15 See, for example, F. Seitz, reference 5, p. 160.
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free electrons and the second term is the contribution
of the ion core.!® A similar estimate for normal pressure!?
gives x=—0.1310-8,

The absence of similar transitions for potassium and
rubidium! in the range up to 100,000 kg/cm? will now
be discussed. The separation of the atomic d and s
levels (Table I) suggests that a greater increase of
energy than for cesium is required to raise the s band
above the lowest d level. The work done in the com-
pression to 100,000 kg/cm?, as obtained from Bridgman’s
data,! is 0.044 Ry for potassium and 0.059 Ry for
rubidium. While these values exceed the work for
cesium up to 45,000 kg/cm? (0.037 Ry), the increase of
energy may be insufficient to produce the transition.

This possible explanation will be considered in
greater detail. At 100,000 kg/cm? the energy E per
atom is

E=—E—E+W, (18)

where E; is the ionization potential, E, and W denote,
respectively, the cohesive energy at normal pressure
and the work done in the compression, both extrapolated
to absolute zero. With E; as given in Table I and E,
obtained from the heat of sublimation,® one finds

=—0.343 Ry for potassium and —0.313 Ry for
rubidium at 100,000 kg/cm? while the energy for
cesium is —0.312 Ry at the start of the transition
(45,000 kg/cm?). In view of the results obtained for
cesium, it seems reasonable to expect that the start of
the transition will lie close to the volume at which the
average energy of the states of the s band equals the
energy of the lowest d level. On the assumption that the
ionic repulsion is small and that most valence electrons
occupy s levels at the pressure for which E has been
calculated, E gives approximately the average energy
of the s band. On this basis a comparison of the values
of E shows that a phase transition below 100,000 kg/cm?
is unlikely for potassium and rubidium, if the botton of
the d band at 100,000 kg/cm? lies at a higher energy
than the bottom of 5d for cesium at the start of the
transition. From the observed compression, one obtains
70=3.92 ag for potassium and 7o=4.14 ag for rubidium
at 100,000 kg/cm? while the radius for cesium at
45,000 kg/cm? is 4.57 ag. The energy of d levels is
lowered in a compression; the fact that 7, is smaller
for potassium and rubidium tends to favor a lower
energy than for cesium. On the other hand, the relative
position of the d levels of the three alkalies for a given
rois not known. If the trend is the same as for the atomic
levels, the energy increases in the order of decreasing Z.
This effect would tend to compensate the effect of the
smaller radius. A definite conclusion cannot be drawn
from these considerations. If the present explanation is
correct, a volume discontinuity should occur above
100,000 kg/cm?, in the region in which the shift of the

16 A, Sommerfeld and H. Bethe, Handbuch der Physik XXIV/2
(]ullus Springer, Berlin, 1933), p. 473.

17 N. F. Mott and H. Jones, The Theory of the Properties of
Metals and Alloys (Clarendon Press, Oxford, 1936).
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electrons from the s to the d states is most rapid, unless
the ionic repulsion predominates at the corresponding
volume.

III. THE EFFECTIVE POTENTIALS

In this section the calculations leading to the potein-
tials Ve’ and Vs’ will be described. The main part of
this work was concerned with the determination of the
potential energy terms in the Hartree-Fock equations
for the 6s and 5d wave functions.

The calculations were based on Hartree’s field with-
out exchange® for Cs*. The wave functions for 1s, 2s,

, 4d were taken from Hartree’s work and the
Hartree-Fock equations were solved to a sufficient
approximation for 5s525p%6s with boundary conditions
appropriate to the metal for 70=4.6 ag. In this calcu-
lation it was assumed that all free electrons occupy 6s
states. For 5s and 5p two functions were considered at
each stage of the calculation, namely, those for the
lowest and the highest state of the band, satisfying the
conditions dy/dr=0 and ¢=0 at r=r,, respectively.
It was assumed that the electrostatic potential due to
Ss and 5p for the next stage of the calculation is the
same as if half the electrons of each zone occupied the
lowest and half the highest state. For 6s the effective
charge distribution was obtained from a single wave
function determined from the boundary condition,

(8y/on)+1/2(y/r)=0

at r=r,, which is intermediate between the boundary
conditions for the lowest and the highest state of the
zone. The preceding approximations do not signifi-
cantly affect the potentials for 6s and 5d, because the
difference between the wave functions for the lowest
and the highest occupied state of each zone is small for
1’0=4.6 ag.

The potential due to the 1s, 2s, - - -, 4d electrons was
obtained from Hartree’s charge distribution.® The
exchange of Ss, 5p and 6s with these electrons was rep-
resented by an added term in the potential,'® obtained
as follows. Consider two free electrons with wave func-
tions (1/4/9) exp(ix1-11), (1/4/9Q) exp(ixz- r2); here x;
and x, are the wave-number vectors, r, and r; are the
position vectors of the electrons, @ is the volume of
normalization. In the Hartree-Fock equation exchange
appears as a term'®

[__ fexp(—z(lcl—xz) (rl—rz)d Jexp(ixs- ;) 19)
Q

Q N

in the equation for electron 1. In the limit @— the
integral is independent of r; and its value, denoted by
K,is

[ 11—,

K=41l'/|l<1—l<z|2. (193.)
Hence (19) is just a constant times the wave function.
18] am very much indebted to Dr. J. Steinberger and Professor

E. Teller who developed this treatment of exchange.
19 See, for example, F. Seitz, reference 5, p. 339.
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This well-known result for free electrons suggests the
following representation of exchange of an outer
electron (Ss, 5p, 6s) with one of the inner shells at r.
The electrons are considered as free with wave numbers
corresponding to their classical kinetic energy. Thus
we have,

h2x,2/(2m) =€;— Vi(f), (Z= 1, 2)

where «; and k. are the wave-numbers, ¢ and e are
the Hartree eigenvalues, V; and V. are the Hartree
self-consistent potentials for the outer and the inner
shell, respectively. It is assumed that the motion of the
inner electrons is isotropic and K is averaged over all
orientations of x,. 1/Q is replaced by the density
(21241)y2%(r) or the electrons of parallel spin, ¥, being
the normalized radial Hartree function for the inner
shell and /; its azimuthal quantum number. The re-
sulting value of the bracket in (19), to be denoted by

Vs, is
27 (224 1)eXy? |

K1Ke

K1+ K2

K1— K2

ex=

og (20)

In the equations for 5s, 5p and 6s, one term V., was
introduced for each inner shell. When V.., ¢; and V; are
in Ry units and ¢, is normalized according to

f Yolridr=1,
0

with 7 in units e¢g, Eq. (20) becomes

(21,2 (e1— V)i (2= V2)?
0
(61"' Vl)*(éa— Vz)i g (61— Vl)%_ (62— V2)*

(20a)
In the region where e;— V,<0, the limit of (20a) for
ea— V>0 was taken, giving
2020+ 1)¢e?
I’,cz= T . (20b)
€1— Vl

The potential for exchange based on Eq. (20) will be

" ez

TaBLE VII. Values of 7V, Ve, is in Ry units, 7 is in units ¢g.

r rVe' r rVe'
0.00 110 0.8 17.47
0.01 104.41 0.9 14.19
0.02 99.83 1.0 12.45
0.03 95.32 1.2 9.79
0.04 90.68 1.4 8.03
0.06 84.08 1.6 6.70
0.08 78.49 1.8 5.78
0.10 73.91 2.0 5.35
0.15 61.65 2.4 3.13
0.20 53.05 2.8 295
0.25 47.02 3.2 2.69
0.30 42.26 3.6 2.51
0.35 37.47 4.0 2.41
0.4 32.61 5.0 2.25
0.5 27.30 6.0 2.15
0.6 23.05 7.0 2.10
0.7 19.58 8.0 2.05
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compared below with one obtained directly from the
Hartree-Fock equation.

In obtaining the exchange between 3s, 5p and 6s the
following approximation was made. Let R® and R” be
the normalized radial functions for the lowest and the
highest state, respectively, of Ss or 5p. At any stage
when RE and RT were obtained, R®+RT was nor-
malized and the resulting function, to be denoted by
R4, was used in evaluating the exchange terms in-
volving this band. The expressions for the exchange
terms were taken from the tables of Hartree and
Hartree? for closed shells, except for the exchange of 6s
in the equations for the 5s and 5p functions. For these
terms half the tabulated value was taken, since there is
a probability % that the 65 in the atomic sphere has a
given spin direction. We thus obtain the following
equation for 5s, in which #g, is 7 times the Ss function,

d*u

58
e + (Vet Ve, 55 Vsst6UVspt Ves) 245
r

2 T
= eslhsst [ (—2 f Uss g pir'dr’
r° Yo

) 1
’
+21’f M5,AM51,A72117 )M5PA
r

r

1 r T 1
+ (— f uaa“us.dr'—i—f ussAusa—,df')uaa]- (21)
7 Jy r r

Here %54 and #5,* are » times the functions R4 for Ss
and 5p, respectively; ug, is 7 times the 6s function;*
V. is the potential due to the nucleus and the inner
electrons; V.., 5 is the potential for exchange with 1s,
2s, - -+, 4d; Vs, Usp, Ves are the potentials due to Ss,
5p, 6s, respectively, es, is the eigenvalue. The potentials
and 5, are in Ry units, lengths are in units ¢x and the
normalization is

o 70 To
f (uss?)2dr= f (usp?)2dr= f ug2dr=1.
0 0 0

At each stage of the calculation an equivalent poten-
tial Vs, was obtained by adding to the Coulomb terms
on the left side of (21), —1/us* times the exchange
terms in the square bracket. The Schroedinger equation
with Vs, was solved, instead of the inhomogeneous Eq.
(21). The same procedure was used for 5p and 6s,
involving potentials denoted by Vs, and Vg,. After a
reasonable V', was obtained, the 6s function was kept
fixed, while the 5s and 5p functions were made more
self-consistent. The final Vs and V', of this calculation
are the potentials mentioned in Section II. The 6s
function was then redetermined. It is estimated that

20 D, R. Hartree and W. Hartree, Proc. Roy. Soc. 156, 45 (1936).

21 The terms involving Lagrangian parameters were omitted.

However, ;.4 and us, were nearly orthogonal in the final stages
of the calculation; the integral over #s,4u%e, had values ~0.03.
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the resulting Ve, differs by less than 0.04 Ryatr=1.0 ag
and 0.01 Ry at r=4.6 ag from that of a completely
self-consistent calculation. Since this uncertainty is
smaller than the correction applied to Ve, (see below),
the approximation to self-consistency was sufficient.
The exchange part of Ve, was then improved by
replacing the potential for exchange with 1s, 2s, - - -, 4d
(Eq. (20)) by 1/ue, times the corresponding terms® in
the Hartree-Fock equation for 6s. In evaluating the
exchange integrals, Hartree’s 1s, 2s, - - -, 4d functions®
were used. For comparison we shall list some values (in
Ry units) of the two exchange potentials; the Hartree-
Fock exchange is given in parentheses: 22.7 (25.3) at
r=0.08 ag; 3.06 (1.15) at r=0.4 ag; 3.15 (1.65) at
r=0.8 ag; 0.884 (0.500) at r=1.2 ag; 0.175 (0.181) at
r=1.6 an. The values given by Eq. (20) are consider-
ably too large between r=0.4 ag and 1.2 ag. We note
that for the exchange of 5d with 1s, 2s, - - -, 4d, Eq. (20)
gives a better approximation to the Hartree-Fock
values; the agreement is within 20 percent for <0.8 an.
The atomic eigenvalue for the resulting potential Ve,
lies 0.03 Ry above the observed level. It is reasonable
to attribute a major part of the discrepancy to the
electrostatic correlation of 6s with the core electrons.

PHYSICAL REVIEW

VOLUME 78,

243

A small term of the proper magnitude to give agreement
with the atomic level was added to V',. The dependence
on r of this term was obtained from a classical model of
the correlation. The potential Vg, thus determined is
given in Table VII.2

In determining V5 the Coulomb interaction with
the core was taken from Vsg,. The exchange contribution
was obtained by evaluating the corresponding terms?
in the Hartree-Fock equation for 5d. As for 6s, a small
attractive term was added to the resulting potential, in
order to obtain agreement with the observed atomic
level.
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The paper concerns the possibility of the path of a cosmic-ray a-particle, proton, or mesotron being bent
in the atmosphere by the earth’s magnetic field in such a manner as to pass vertically upward through a

counter telescope.

In order to pass vertically upward through the telescope, it is necessary for the ray to have been hori-
zontal at some time during its path; and taking into account the minimum energies necessitated by absorp-
tion along the path, it appears that, for a telescope at an altitude comparable with 100,000 ft., neither an
a-particle nor a proton would have “vertical room’” between the telescope and the earth to describe the
angle (7/2) necessary to take it from the horizontal to the vertical upward direction. For a mesotron there
would be room, but in this case the mesotron “mean life”’ operates to prevent the phenomenon happening
in appreciable degree; it is shown that regardless of energy or the law of energy loss, only a fraction 116 of
any assigned number of mesotrons can live long enough to travel through a right angle in the earth’s mag-

netic field.

I. INTRODUCTION

HE importance of high altitude measurements

with Geiger counter telescopes has occasionally
raised the question as to whether such measurements
may be influenced by effects of the earth’s magnetic
field in bending the orbits of protons, a-particles, or
mesotrons to the extent of causing rays to enter the
telescopes from the under side. It has been thought well
to investigate this matter for the case of a vertically
directed telescope, the illustration in mind being the

* Assisted by the joint program of the ONR and AEC.

recent observations of Pomerantz.! The calculations
for an inclined telescope may be carried out in an
analogous manner.

II. THE CASE OF PROTONS AND ALPHA-
PARTICLES
It is easy to show that for a fixed magnetic field H,
the situation is most favorable for resulting in upward
rays through the telescope when H is horizontal. We
shall consequently confine attention to this case.

1 M. A. Pomerantz and M. S. Vallarta, Phys. Rev. 76, 1889
(1949); also M. A. Pomerantz, Phys. Rev. 77, 830 (1950).



