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ed. Very likely this question can be resolved
by a careful Fourier analysis of the entire spec-
trum. For example, if the first model were
correct, then the line at n =N, &0 = 40(uD/2'
should be proportionately larger than the re-
mainder of the nearby spectrum. No definitive
statement can be made from the present exper-
imental data.

The lack of symmetry in the spectrum, as
shown in Fig. 1(a), is probably due to an asym-
metry in the contact geometry and hence to
an asymmetry in the barrier to vortex forma-
tion. This should be sensitive to reversals
in the ambient magnetic field.

FIG. 2. Recordings of the n = 1 line for change in (N)
in the vicinity of 38. A current of 2.18 mA through the
biasing resistor A corresponds to 40~D ~

tion and then, by standard Fourier inversion,
the correlation function for the voltage across
the contact. Evaluation of this correlation as
a function of (N) by varying temperature, am-
bient magnetic field, and contact geometry will
then be possible.

Two extreme models of the flux motion are
the following: (1) The contact becomes filled
with (N-1) vortices, and on introduction of the
Nth vortex, all N are released, and (2) all
N flux quanta cross the contact at once when
some barrier for field penetration is exceed-
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LOW-ENERGY INTERBAND TRANSITIONS AND BAND STRUCTURE IN NICKEL
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Thermal modulation experiments in the low-energy region favor a reordering of the
bands at the L point in the Brillouin zone in nickel.

Low-energy interband transitions detected
by thermally modulated ref lectivity'~' lend new

support to a reordering of the bands at the 1.
point in Ni. Vfe show that this modification
brings the band structure at the Fermi surface
into better agreement with all relevant exper-
iments.

The pulsed-current modulated ref lectivity
(ER/B) data were obtained from 0.1 to 10 eV
on liquid-N, -cooled Ni films as shown in Fig. l.
We will concentrate here on the interpretation

of the low-energy part from 0 to 2 eV. The
structure in this range, which has been attri-
buted to transitions around the I. points in the
Brillouin zone, is resolved by this technique
into separate peaks at 0.25 and 0.4 eV and a
shoulder at 1.3 eV. The requirements of a mod-
el to fit these data must also be compatible
with the following experimental results. Sat-
uration magnetization4 gives an excess of 0.55
majority spin-up (&) electrons, while a Fer
mi surface enclosing a net volume correspond-
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FIG. 1. The temperature-modulated reflectance
~/R, and the reflectance R, for a nickel film from
0.2 to 10 eV.
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ing to one electron is deduced from magneto-
resistance. ' de Haas-van Alphene~' data indi-
cate a Fermi surface with an open sheet with
necks in the (111)direction [neck radius 0.09
A ' and mz(neck) = 0.25mo] and also a pocket
of holes which is interpreted as coming from
an X,& band. The ferromagnetic Kerr effect
(FKE)' which in theory distinguishes & and &

spin optical transitions, has been used' "
to analyze different models of the electronic
structure about the L point. Measurements
by Krinchik et al '2 and Martin et al xs have
given qualitatively different results'4 from 0.2
to 1.5 eV [Fig. 2(a)], which lead to different
spin assignments to the deduced optical tran-
sitions in this range. In view of this, the ob-
served structure from 0.2 to 0.4 eV and the
long tail out to 1.4-1.6 eV in the FKE results
as well as other poorly resolved optical'~'
data are not sufficient to distinguish between
different models. All the previous experimen-
tal results along with the theoretical estimates
« the ferromagnetic splittings'6 of the bands
were not sufficient to fix the relative positions
of the s-p —like conduction band at L, ', the d
band at L», and the Fermi level.

Previous controversys~~ over the interpreta-
tion of the experimental data relevant to the
one-particle spectrum of nickel near the Fer-
mi surface was concerned with slight modifi-
cation of the spacing of these levels, but did
not change the ordering calculated for paramag-
netic nickel. ' ' The recent self -consistent
interpolation scheme' of Hodges, Ehrenreich,
and Lang (HEL) based on these paramagnetic
calculations and incorporating correlation ef-
fects achieved a good interpretation of most
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of the experiments including the magnetic form
factor and anisotropy. " However, their band
model retains the L-point ordering of the para-
magnetic bands [E(La')-E(L») & 0] and gives
a majority spin band (&) similar to that of cop-
per, "which we shall call model A&. The pos-
sibility of a new ordering [E(L,') —E(L») &0]
was considered by Krinchik" to account for
the FKE. Self -consistent band calculations
for the ferromagnetic state ' have been made
recently. Connolly, using a reduced exchange
potential, '6 obtained a minority spin band with
this new ordering. Our optical data favor such
an ordering in both up and down spin bands,
and we believe this model explains the perti-
nent data better than previous metals.

Around L and for energies close to the Fer-
mi energy we show in Fig. 3 the effects of the
old (A) and new (B) ordering schemes on the
majority (&) and minority (&) spin bands, and
also take into account the s-d hybridization
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FIG. 2. Spectral dependence of e~ . (a) e~ from
experimental ferromagnetic Kerr effect (Refs. 12 and
13). (b) Sketch of the spectral dependence deduced from
models A. and B. The amplitude of each of the three
contributions reflects only the 1/&u2 dependence, but
the matrix elements are not calculated.
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FIG. 3. Band structure of nickel near L for models
A and B. Energies are in electron volts.

of the Q states. The position of the Fermi
level (above L»t and below L»&) in both mod-
els A and B is set by the net spin moment.
The relative position of EF and L, ' is deter-
mined by de Haas-van Alphen data ~': The
presence of (111)neck indicates that L, ' is be-
low EF in'&; the absence of L holes in these
data places L, ' below EF in B&. These consid-
erations do not fix the energy spacings in eith-
er model so HEL could explain most of the ex-
perimental data by an appropriate choice of
these gaps within model A, while Krinchik could
claim a better fit with his data using model B.

The fit of our new optical data with model
A&, as shown in Fig. 3, requires L»& to be
0.4 eV above EF as compared with 0.24 eV
in HEL and, therefore, would give too many
unpaired spins. ~" If we use B&, even with
a vanishing gap [E(L82)—EF-0 eV], model
A& still gives an unreasonably large exchange
splitting if the 1.3-eV optical structure occurs
within the majority spin band as is common-
ly assumed. Model B&, unlike modelA &, has
the great advantage of ruling out any possibil-
ity of holes around L. In addition, using the
interpolation scheme of Hodges, 2 for this
model, the possibility of holes at X, is ruled

out; this may explain why careful de Haas—

van Alphen (dHvA) investigations~ have not re-
vealed previously predicted X, hole pockets.

Phillips' considered a model (Ref. 9, mod-
el c) which would give a dHvA neck at L» as
we have in B&. In his model, this neck came
from the Q+ band rather than the Q because
L, ' was above L» and gave Q a negative cur
vature. But the transverse mass was far too
large since the L»Q+W, ' band is flat, and there-
for Phillips ruled out the possibility of d necks.
Our B& model does not have a large-mass neck
because s-P character is acquired through hy-
bridization. Furthermore, the longitudinal-
mass parameter m~,

'~ required by Joseph and
Thorsen~ to fit their de Haas-van Alphen da-
ta, is much greater than m~ for the noble met-
als and therefore suggests a departure from
Cu-like necks. Model B& brings in a new fea-
ture: the possibility of a low-energy optical
transition (Q+& -Q &) which we believe is the
one observed at 0.25 eV. In Fig. 2(a) we show

"', the off-diagonal absorptive part of the
dielectric constant derived from the FKE da-
ta. Figure 2(b) shows the qualitative features
predicted for the FKE effect by models A and
B. A more quantitative comparison requires
a knowledge of the three matrix elements in-
volved. Both sets of FKE data agree only in
the very limited range 0.25-0.3 eV.' The im-
portant features which are required to fit the
models are the negative maxima, but these
peaks fall on either side of the common range
of agreement. While one set of data suggests
a positive peak below 0.25 eV as in our mod-
el B, the other data suggest a negative peak
more like model A. Therefore the available
FKE data in themselves do not warrant a dis-
tinction between the models.

From our model we see that the d exchange
splitting at L is about 0.3 eV and the exchange
splitting of the conduction levels is about 0.7
eV. Near the Fermi surface the average char-
acter of the d bands is 85%%uo T2g and 15%%uo Eg
At L the character is about 75 and 25%%uo, respec
tively. Since the exchange energy of T2 or-
bitals is about four times larger than the Eg
splitting, the average exchange at the Fermi
surface should be about 0.33 eV. Herring'
has estimated the exchange to be 0.25 eV and

has argued against a value larger than 0.35
eV. Our estimate falls in this range, as does
HEL's estimate. The latter was determined
mostly by considerations of the magnetic pro-
perties of nickel which are dominated by the
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region around X. Qur model does not substan-
tially modify their interpretation of magnetic
properties" but allows a more satisfactory
interpretation of the low-energy optical data.

The analysis of the line shape in our modu-
lated reflectance data gives us additional in-
formation about the gap E(L32&)—EF. The tran-
sition starting at L is cut off when the A~& band
crosses the Fermi level. Qur linewidth would
therefore give E(L32&)-EF-0.05 eV. Also,
as we have found, the temperature effect on
the Fermi level would cause this 0.4-eV tran-
sition to wash out at higher temperatures. Since
this transition does not involve the Fermi sur-
face, it should be sharper but also more sen-
sitive to strain in the sample than the lower
energy transition.

A last comment about the spin-orbit splitting
is relevant due to the small value of E(L&2&)
EF T—he s. pin-orbit splitting (-0.1 eV in atom-

ic nickel) will lift the L» degeneracy. In mod-
el B this could introduce some additional struc-
ture at the 0.4-eV transition, but in no way
changes the over-all fit of the model since there
are no crossing bands.

We would like to acknowledge the very use-
ful discussions we have had with H. Ehrenreich
and L. Hodges, and thank them for making avail-
able to us their current work on the subject.
We appreciate the very stimulating conversa-
tions with G. F. Dresselhaus and other colleagues.
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It is pointed out that the classical two-dimensional harmonic "solid" exhibits an infi-
nite generalized susceptibility at low temperature, although there is no long-range order
and no phase transition.

It has been rigorously proven that there is
no ferromagnetism in the two-dimensional iso-
tropic Heisenberg model. ' There are, however,
strong indications that the magnetic suscepti-
bility becomes infinite below some critical tem-
perature. ' It has therefore been speculated
that, below this critical temperature, the curve
of the magnetization versus the field might have
a vertical tangent at zero field, without having
a finite discontinuity.

In the present note, it is proven that a very
simple soluble model, the classical two-dimen-
sional harmonic "solid, "does exhibit this very
behavior. Let K be a vector of the reciprocal
lattice. The analog of the spontaneous magne-
tization per particle is N ' times the average
value (pK)0 of the Fourier component of the
density pK in the limit of no external field.
The analog of the susceptibility is the linear
response gK of (1/N)(pK) to the static external
potential Uexp(iK z). It is well known that a
harmonic system undergoes no phase transition,
in any number of dimensions, and also that
(I/N)(pK)0 is zero in one and two dimensions.
We shall prove, however, that in two dimensions,

gK, finite above a critical temperature T,
becomes infinite at and below that temperature.

We consider a two-dimensional square lattice
of N particles of mass m which interact through
harmonic forces; periodic boundary conditions
are assumed. Let R. be the equilibrium posi-

z
tions of the particles and u& the deviations of
these positions from their equilibrium values.
The u are linear combinations of the phonon
coordinates' v~..

u =N z~2+ exp(zk R.)v .
i k k

The potential energy of the system is ~~&uk'
x Ivk I', where uk is the angular frequency as-
sociated with the wave number k; and the sums
on k always run over the first Brillouin zone.
A co~potent v&& of v& has a Gaussian distri-
bution with a width given by the energy equipar-
tition at temperature T:

~k'(Izk„ I') = ,'k T. -

The total internal energy (including the kinet-
ic energy) is 2Nk&T. Since this is a regular
function of T, there is no phase transition in the
the thermodynamic sense.

The Fourier component of the density pK is
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