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the Symposium on Semiconductor Effects in Amorphous
Solids, Picatinny Arsenal, Dover, N. J., 14-17 May
1969 (to be published).

~The optical density of states will differ from the true
density of states only if matrix elements vary; however,
such variations should be hv dependent. No kv depen-
dence has been observed for hv- 11.6 eV despite the
fact that the oscillator sum rule is largely exhausted
by 11.6 eV (Refs. 4 and 5). Therefore, we assume that
the peak in the optical density of states corresponds to
a peak in the density of states.

7%. E. Spieer and R. C. Eden, in Proceedings of Ninth
International Conference on the Physics of Semiconduc-
tors, Moscow, U. S. S. B., 1968 (Nauka, Leningrad,
U.S.S.R. , 1968), Vol. 1, p. 65.

This band structure was taken from D. Brust and
E. O. Kane, Phys. Rev. 176, 894 (1968). Since it is
based on the same pseudopotential as Brust's calcula-
tion for disordered Ge, it will differ only because of
the lower density used in the latter calculation. How-
ever, Brust states that this causes energy shifts of

3 eV at the most. Such shifts are inconsequential for
the arguments which are presented here.

~Brust and Kane, Ref. 8.
~ T. M. Donovan and W. E. Spicer, to be published.

Samples intermediate between amorphous and crys-
talline can also be made by evaporation onto a heated
substrate.

~ The strong peak at -2 eV tlabeled (2) in Fig. 3j has
been identified with transitions from a wide region of
(100) plane of the Hrillonin zone. The peak labeled (3)
in Fig. 3 is the precursor of a transition from states
near the bottom of the highest valence band at X. De-
tails will be given in Ref. 10.

The electron escape function gives the probability of
escape for an electron which reaches the surface with
a certain energy.

4The differences between the EDC calculated by
Brust on the direct and nondirect model would have
been larger if a more realistic escape function had been
used.

5For kv of 8.0 and 9.0, the escape function cuts off
the EDC before the peak is fully exposed; however, for
hv of 10.8 and 11.6 eV the position of the peak is not
significantly distorted by the escape function.

J. Stuke, private communication.
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Bulk magnetic measurements indicate that polarization clouds with giant moments
(-10pB) persist well into the paramagnetic composition range of Ni-Cu alloys.

Recent neutron-scattering experiments by Hicks
et al. ' have revea, led that in weakly ferromagnet-
ic Ni-Cu alloys (46-50 at.% Ni) the low-tempera-
ture spontaneous magnetization is inhomogeneous-
ly distributed in magnetic polarization clouds
each extending over many atoms. Moreover, it
was deduced that the average total moment per
cloud (OR) is large [-(8-11)pa] and fairly constant
over this composition range, whereas the concen-
tration or number per atom of the clouds (Cz) is
small (&1%) and is decreasing almost linearly
towards zero at the critical composition for fer-
romagnetism ( 44 at.% Ni). However, since OR

and C+ were eva, luated under the assumption that
all the polarization clouds contributing to the neu-
tron scattering ar e aligned ferromagnetically,
the disappearance of C~ at the critical composi-
tion was a predetermined result. In fact, neutron
measurements' on the 44 at.% Ni alloy at 4.2'K
(just above its Curie point) showed considerable
magnetic diffuse scattering with a wave-vector
dependence closely resembling the results for the
ferromagnetic alloys, thus indicating that mag-
netic polarization clouds of similar dimensions

(but fluctuating with time) persist into the para-
magnetic phase. Unfortunately, no magnetic
scattering was observed for alloys with even less
Ni, presumably because their susceptibilities are
so small that the 4-kOe polarizing field' at the
sample has very little effect.

In this Letter, we report the results of bulk
magnetization measurements on ¹i-Cuwhich
demonstrate the existence of giant magnetic pol-
arization clouds mell into the paramagnetic com-
position range. These results also suggest that
the formation of the clouds occurs at local, highly
Ni-rich regions and that the onset of ferromag-
netism is caused by the aligning forces between
neighboring clouds.

Our Ni-Cu alloy samples were cut from cold-
morked ingots, given a homogenization anneal,
and water quenched, as described earlier. ' Their
compositions ranged from 44 to 32 at.% Ni in
steps of 2 at.%. A Foner-type vibrating-sample
magnetometer was used, and the bulk magnetiza-
tion was recorded continuously against field (0-
25 kOe) or temperature (4.2-300'K).

At 4.2 K the magnetization of each alloy was ob-



VOLUME 24, NUMBER 1 1 PHYSICAL RK VIEW j.KTTKRS 16 MwRcH 1970

served to increase linearly with field from zero
and then exhibit a gradual approach to saturation;
this saturation effect diminishes at higher tem-
peratures, as noted previously. ' As a function
of temperature, the magnetization was measured
in various low fields and converted to an initial
susceptibility (X,). Our results plotted as X,
vs T are the solid curves in Fig. 1. It is clear
that with decreasing Ni concentration, y, not only
gets smaller but becomes more nearly constant
at high temperatures. Indeed, these results sug-
gest that a temperature-independent (and fairly
composition-independent) contribution to X, is
beginning to predominate over a progressively
weaker Curie-%eiss-like contribution, or specif-
ically that we may write'

X, = X'+ &cw/(T-e).

%e have tested our data for each alloy against
this simple equation and found that for a particu-
lar trial value for the temperature-independent
term X' the plot of (X,-X') ' vs T becomes per-
fectly linear within the experimental error for X,
(-2%%uo), as shown by the dashed curves in Fig. l.
This linearity extends over the entire tempera-
ture range, except for the alloys close to the

Table I. Experimental quantities (defined in text) de-
duced from paramagnetic susceptibility data on Ni-Cu
alloys.

X Cc+
Alloy comp. 10 6 emu 0 10 4 emu 'K

(at.% Ni) g ( K) g (Vo)

42
40
38
36
34
32

1.7
1.7
1.7
1.8
1.6
1.4
1.3

+42
+24

+4

-5
-9
~7

6.88
4.80
3.43
l.86
0.91
0.47
0.25

0.338
0.236
0.169
0.092
0.045
0.023
0,012

critical composition, which at low temperatures
show a curvature in (X,-X') ' vs T similar to that
exhibited by most ferromagnets just above their
Curie points. The values for Cc~ and ~ deter-
mined from the linear portions of these curves,
as well as for y', are listed in Table I; the latter
two quantities are also plotted in Fig. 2.

Thus, the initial susceptibility of each alloy
consists of a temperature-independent component,
presumably arising from a field-induced band
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FIG. 1. Temperature dependence of measured yo
(solid curves) and of (Xo—X') (dashed curves} for
various Ni-Cu alloy compositions indicated in units of
at. lo Ni. Dotted lines show linear extrapolations of lat-
ter curves to the temperature axis.
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FIG. 2. Closed circles: experimental values for
(a) concentration of magnetic polarization clouds C,
(b) Curie-Weiss interaction temperature 0, ana (c) tem-
perature-independent part of initial susceptibility X

vs Ni-Cu alloy composition. Open circles: values for
ferromagnetic cloud concentration C~ and Curie point
T~ reported in Ref. 1. Dotted curves represent atomic
probability functions defined in text.
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splitting, and a Curie-Weiss-type component,
which we attribute to the superparamagnetism of
large polarization clouds. In terms of the aver-
age total moment (K) and concentration (C) of
these clouds, the classical Curie-Weiss coeffi-
cient is expressible as

Ccw=NC"IR /3k,

mhere N is the number of atoms per gram and k

the Boltzmann constant. Very recently, Foner
and McNiff' have observed that the low-tempera-
ture magnetizations of these same Ni-Cu samples
achieve saturation (plus a small residual differ-
ential susceptibility) in fields of 100-150 koe.
When these saturation values' are equated to
NC% (and thus to 3kCc~/Ã) ' and combined with
our Cc~ values, it is found in each case that%
= (10-12)p B, which is quite consistent with the SR

values deduced for the weakly ferromagnetic al-
loys. ' We therefore substituted%= 10' 8 and our
Cc~ values into Eq. (2) and calculated the values
for the cloud concentration C shown in Table I
and Fig. 2(a).

In this figure we also shorn some dotted curves
labeled Pyy y2 and P„», which represent the
probabilities that a. lattice site of these fcc alloys
is occupied by a Ni atom surrounded by 11 to 12
or by 10 to 12 Ni nearest neighbors. In comput-
ing these probabilities, we assumed that the
nearest-neighbor atomic clustering parameter
e, is 0.1, an approximate value consistent with
recent neutron diffraction data on Ni-Cu. "'
A smaller assumed value for n, (including 0 for
a perfectly disordered alloy) would lower these
probability curves but have little effect on their
relative shapes. The two calculated curves in
Fig. 2(a) clearly resemble and enclose the exper-
imental results for C versus alloy composition,
whereas the analogous curves for P «y2 with n ~ 9
would lie considerably above. From this correla-
tion we infer that each local, highly Ni-rich re-
gion in these alloys is the nucleating site for the
spontaneous formation of a magnetic polarization
cloud. ' Moreover, the exchange-induced mo-
ments in the atomically disordered matrix around
each site are probably situated only at the Ni
atoms' and vary in magnitude with their proximi-
ty to the nucleating sites as well as with their
local atomic environment. "

In Fig. 2(c) we see that y', the temperature-in-
dependent part of the initial susceptibility, chang-
es very gradually as the critical composition for
ferromagnetism (44 at.% Ni) is approached, its

values remaining fairly low (lower on a. molar
ba.sis than those of Pd or Pt). A similar nonsin-
gular behavior has been observed for the low-
temperature differential susceptibility at very
high fields. ' Hence, critical exchange enhance-
ment is not about to occur but, rather, has al-
ready occurred in these paramagnetic Ni-Cu al-
loys, as manifested in the formation of the giant
polarization clouds. The onset of ferromagnetism
must therefore arise from a different mechanism,
which we believe is suggested by the variation of
our experimental values for 8 with alloy composi-
tion. If 0 represents an algebraic average over
all the exchange interactions between polarization
clouds, we may conclude from Fig. 2(b) that nega-
tive (antiferromagnetic) interactions, which pre-
dominate when the cloud concentration is very
dilute, are overwhelmed by a rapid increase in
positive (ferromagnetic) interactions that accom-
panies the rise in cloud concentration near the
critical composition.

Finally, we note in Fig. 2(a,) that the curve for
C, when extended into the ferromagnetic compo-
sition region, appears to be merging with the
curve for CF, the concentration of ferromagneti-
cally aligned clouds reported earlier. ' Thus, the
concentration of clouds that are free to be super-
paramagnetic, represented schematically by C
-Cz, is highest at the critical composition and
drops quickly but continuously on either side - in
qualitative agreement with the interpretation of
recent specific heat data on Ni-Cu. "

Helpful discussions with Dr. Laura M. Roth and
the experimental assistance of Mr. Hugh F.
Burne are gratefully acknowledged. We also
thank Dr. S. Foner and Dr. E. J. McNiff, Jr. , for
allowing us to make use of their unpublished high-
field magnetization data.

*Present address: Department of Physics, Universi-
ty of Illinois, Chicago, Dl. 60680.
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susceptibilities, which a.re consistently several times
larger.
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More generally, if there is an appreciable spread in
the magnitude of the moments of the different clouds,
as recent experiments (see Ref. 4) indicate, the satura-
tion magnetization should be equated to 3kccw/J]I*
with Jlt*= [JR2] /[JK], where the brackets signify aver-
ages over the moment distribution.
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2A two-center shell model with oscillator potentials, 1 s forces, and 1 terms is devel-
oped. The shell structures of the original spherical nucleus and those of the final frag-
ments are reproduced. For small separation of the two centers the level structure re-
sembles the Nilsson scheme. This two-center shell model might be of importance in
problems of nuclear fission.

From physical intuition it is evident that it is not possible to describe the process of nuclear fission
all the way from the ground state of the fissioning nucleus up to the final stage of two separated frag-
ments by means of a one-center shell model like, e.g. , the Nilsson model. It is, instead, essential
to allow for a preformation of both final fragments in the deformed shell model. This is in fact an
additional degree of freedom. In a recent paper this type of single-particle potential was proposed. '
This potential consists of two connected oscillator potentials, including a, spin-orbit force and T term. n

Only the angular-momentum-independent terms have been treated in Ref. 1.
In this paper we report the results of a more realistic calculation including all the T-dependent

terms and obtain consequently the correct asymptotic single-particle levels for a symmetric two-cen-
ter shell model.

The Hamiltonian for this potential is

FI= — 6+—&u02[p2+ (]z]-zo) ] -yh&uo {2s (VVxj) + p[(V V&&P)2-2N(N+3)]], (I)

where p is the single-particle momentum and V
is the momentum-independent part of the poten-
tial. It is noticed that V describes two connected
oscillator s:

V = (m/2) &u, [(z—zo) +p'], z )0;
= (rr/2)(u, '[(z+z, )'+p'], z (0;

while the momentum-dependent terms become

V(p) = -~@~,'(2T, s+ p[1,'--,N(N+3)] j,
= —~h~, '(2T,.s+ p[12'- —,N(N+ 3)]),

where T, and T, describe the angular momenta

with respect to the two centers at z = -z, and
z =+z„respectively. It follows from (2) and (3)
that the Hamiltonian (I) indeed contains for zc
= 0 the case of a spherical Nilsson potential and
for zo=R (R being the nuclear radius) the case of
two identical and well-separated potentials of the
same type. This behavior is due to the special
Ansatz for V and is, therefore, automatically
present also for the p-dependent terms in (I).
The structure of those latter terms is deter-
mined by quite general invariance requirements.

The shape of the two connected (amalgamated)
nuclei described by (I) is spherical. It is also

601


