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10 to 100 mA in the bisectrix (y) direction and

H, in the x-y Plane, the observed AVxdc gen-
erally shows three sets of oscillations corre-
sponding to all three electron ellipsoids, and
is very similar to AVz in the acoustic case.
The oscillations are presumably caused by the
oscillations in collision time 7 associated with
the density-of-states oscillations at the Fer-
mi surface. Like the dc current, the "Drude-
Zener" part of ~AH& interacts with all three
electron ellipsoids. Thus, if the "planar" Hall
term in Ez were comparable with the MQE term,
three sets of oscillations would also be observed
in AV . This is not the case. The data indi-
cate at most a 10%%uo modulation of EM+ by an
oscillatory voltage. Because ~V~ dc and ~V~
in the acoustic case are very similar, it appears
that the Hall effect of the screening currerit

JSz is small compared to the Hall effect of
the acoustoelectric current JAEy.

In summary, we have verified the existence
of the MQE effect by observing the voltage peaks
in bismuth. This effect provides another meth-
od for the investigation of the geometry of the
Fermi surface in solid-state plasmas. Final-
ly, other transverse voltages are observed
which arise primarily from Hall effects of the

acoustoelectric current. These effects also
provide another method of observing phenom-
ena of the de Haas-van Alphen type in solid-
state plasmas.
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Some metallic elements have much lower
melting points than one would expect from their
positions in the periodic system. The metals
showing this anomaly are La, Pa, U, and the
metals in the first part of the 4f and 5f series.
These elements do not exhibit corresponding
anomalies in the cohesive energy, the metal-
lic radius, or other physical properties direct-
ly related to the cohesive energy. However,
the metals with abnormally low melting points
also have much lower values for the shear and
Young moduli than would be expected from the
number of valence electrons, and it is obvious-
ly true that the anomalies in melting point and
rigidity can be ascribed to the same basic cause.

Table I gives the observed values for the
metallic radius x, and for the melting point
M, of metals with empty or completely filled

f shells, while the values of x and M for the

4f and 5f metals are given in Table II. The
quantity v is the number of electrons outside
the inert gas core less the number f, of elec-
trons in the f shell.

As discussed elsewhere' the metallic radi-
us varies in a very simple manner with v and
from period to period. Hence the observed
value of x can be used to deduce v for metals
for which the v value is not obvious from the
chemical properties of the element. The v

values assigned to the 4f and 5f' metals were
obtained in this manner.

The numbers given in parentheses in Table
I are values of r and M obtained by reasonable
horizontal and vertical interpolations.

As seen in Table I the melting point of La
is 510, of Pa 770, and of U 1300' lower than
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Table I. Melting points for elements with empty or filled f shells.
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6 Cr 1.286 1875 Mo 1.404 2610 EkaMo (1.464) (2470) W 1.412 3410 U 1.568 (2430)

expected from the v value. Table II shows the
corresponding anomalies for the 4f and 5f met-
als.

The small radii observed for the elements
from Yb to W with a filled 4f shell, as compared
with the observed or interpolated values for
the corresponding elements with empty 4f shell,
demonstrate the "lanthanide contraction" dis-
covered by Goldschmidt. s This reduction in
radius can be attributed to the incomplete screen-
ing of the 4f electrons. The effective charge
of the core is thus greater than indicated by
the v value and the metallic radius is corre-
spondingly smaller.

QM
(deg)

0.299
0.141
0.092
0.063
0.052

110
222
452
646
940

The high melting points observed for the met-
als Yb-W are probably also due to the incom-
plete screening of the 4f electrons. The reduc-
tion in radius hx, and the increase in melting
point AM, caused by the screening effect vary
with v in a regular manner as seen below.
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4f metals
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(4) (1.812)
5 1.802
6.9 2.052
7 1.802
8 1.781
9 1.774
10 1.766
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12 1.747

5f metals
1 1.55
2.7 1.592
3.2 1.644
4,9 1.730
6 1.744
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aValues in the 6 forms.
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Table II. Melting points for 4f and 5f metals.
Consider first the 5d 4f series of-metals.

When allowance is made for the increase in
melting point due to the 4f-screening effect,
it is seen that Ba, Eu, and Yb have melting
points which are '*normal" in relation to their
v and x values. Melting-point anomalies occur
for the trivalent metals. Because of the screen-
ing effect one should have expected a nearly
linear increase in melting point from the pre-
dicted value of 1430'C for La to the observed
value of 1652'C for Lu as illustrated in Fig. 1.
All the trivalent metals have melting points
(and shear moduli) indicating an effective "v"
in respect to melting (and rigidity) which is
much lower than the value v associated with
chemical properties, metallic radius, or co-
hesive energy.

As shown in Fig. 2 the melting-point anom-
alies are even greater for the 6d-Sf series than
they are for the 5d 4f group. The effe-ctive "v's"
in respect to melting point are listed in Table III.

Since the melting-point anomalies discussed
above are restricted to those regions of the
periodic system where the 5d-4f and 6d 5f-



VOz, UME 18 ~UMBER 19

C
240p

220p

PHYSI Cg RETIE I.ET'T ER 8 MP~ 19@,

2Qpp

18pp

"formal M

16Qp

14p0

12Qp

1000—

Spp

6Qp

0——

0
y=2

4Qp

2pp

I

s Ba Pm Sm E
I

Me

I

g Points for

V Hp

g oi
o the meta]

b Lu

FIG. 1. The obo served
i u es of the meltin

s Cs to Hf and th " me ting points. The

OC

2800— "&orna(" & y=5

2400—

2000—
Y=4

1600—

1200—

800—
C

400—

Y=2

s 1ons are ver s
h t h b

gg

for th

b' th b
l

able tha
electrons. It is

cture

ed empiricall
atxonship, which

a lished.ti"ll '" b
een the-

Suppose one makes ' em es the sim le

b

b'd d
r wi 1 affect the melt-

Table III. Effefective valen
p nt and rigid't

nce associate
i iy.

n ia ed with melt lng

CC jP
V

CC Pp
V VV

CC pp p CC Pt
V

0.76
0.65
0.74
0.76
0.76
0.84
0.84
0.85
0.88

La 3 2 29
Ce 3.2

2.22
2.29
2.27
2.51
2.53

Dy 3 2 55
Ho 3 263

Er 3
Tm 3
Lu 3
Pa
U 6
Np 6
Pu 5.3
Am 4.1
Cm 4

0.90
0.94
1.00
0.68
0.43
0.32
0.36
0.54
0.65

2.69
2.81
3
3.4
2.6
1.9
1.9
2.2
2.6

I I I I I

FIG. 2. Thehe observed

CC

020 C for Ac ls unr

I I I I

easonably lo
ins fortthe metals Ra

u A Cf Es F
I

Ineltin o'
ow and has

a to Cm are
0 Lw 104 105

indicated by circles. (The re or

ect is the
ines give

a les.
s e 4f-shield'

eparat'

4f '
ding effect.



VOLUME 18, +VMBER 19 PHYSICAL REVIEW LETTERS 8 Mzv 1967

ing point. On this assumption one has P = "v"/v,
and one arrives at the P values listed in Ta-
ble III.

Since p = 1 for Ba, Eu, and Th it is implied
that there is no contribution from f-wave func-
tions to the band structure of these metals pre-
sumably because the d fsep-aration is too large.
According to our hypothesis the metals Yb-W
will be normal (except for the 4f-screening
effect) because the 4f level is completely filled.
In the series of trivalent metals Ce-Tm the
number of vacancies in the 4f level decrease
from 132 at Ce to 2 at Tm and 1P is nearly
proportional to the number of va, cancies 14-f,
in the 4f shell.

As illustrated in Tables I-III and in Fig. 2,
the melting-point anomalies are much great-
er for the 6d 5f serie-s than for the 5d 4f me-t-
ais with "v" values as low as 1.9 for Np and
Pu. As the 5f shell is being filled the anom-
aly should gradually vanish. The estimated
melting points for the transcurium metals shown
in Fig. 2 assume that the thoride character
of Am and Cm metals persists through the sec-
ond-half of the 5f series.

There is no correlation between melting point
and the crystal structure of the metal imme-
diately below the melting point. Thus Y, Ba,
La, Ce, Yb, Th, U, and Pa are all body-cen-
tered cubic in their high temperature forms,
but some have "normal" and other anomalous-
ly low melting points. However, at lower tem-
peratures there is a striking correlation be-
tween crystal structure and anomalous melt-
ing point. The double hexagonal structure of
n-I a, P-Ce, e-Pr, n-Nd, Am a.nd Cm, and
the Sm structure occur only for metals with
anomalous melting points. The crystal struc-

tures of Pa, a-U, P-U, n-Np, P-Np, a-Pu,
P-Pu, and y-Pu are all unique. In n-U, o. -Np,
and o. -Pu each metal atom forms four (in o. -Pu
also three or five) covalent bonds with unusu-
al directions. It is our belief that the strange-
ness of the low-temperature structures is al-
so due to partial f character of the hybridized
wave functions of the valence band.

All the above mentioned elements are strong-
ly magnetic with the exception of La, Pa, and
U. These three metals are superconducting,
however their transition temperatures do not
follow the systematic variation throughout the
periodic system. 4

At present there is not even a satisfactory
beginning of a microscopic theory of melting.
Speculative discussions, such as given in this
paper, are hence justified because they may
suggest directions for fruitful theoretical ex-
ploration.
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The velocity of dislocations in semiconduc-
tors, as shown in plasticity studies or direct
determinations of the dislocation velocity, is
strongly affected by the electronic environment
of the dislocation in the semiconductor. This
is reflected by the following facts:

(i) Donors (such as arsenic) in concentrations

larger than 10'8/cm' raise markedly the dis-
location velocity' vD and lower the upper yield
stress o~ and delay or incubation time in creep
experiments, ' in germanium and in silicon,
while acceptors (such as gallium) lower mark-
edly vD and raise 0~. Neutral impurities in
the same concentration range have no effect
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