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A number of types of experiments have been
recently performed to determine the extent to
which the electronic properties of solid metals
may change on melting. ' ~ The results of some
experiments indicate that for certain metals
the valence electron-band structure of the solid
does not appear to change significantly on melt-
ing while for other metals there may be appre-
ciable changes. Knight, Berger, and Heinei
conclude that where there is appreciable change
in the short-range atomic structure on melting,
such as is known to occur for Bi and Ga, changes
in the electronic properties would be expected.
A report is given in this Letter of measurements
of the characteristic energy loss spectra of
electrons scattered by solid and liquid Bi; dif-
ferences in the loss spectra are indicative of
differences in the band structure of Bi in the
solid and liquid states.

A Bi specimen, typically 0.5 to 1 g, was sup-
ported by a graphite rod that could be heated
by electron bombardment. After melting, the
specimen was approximately spheroidal in shape.
A platinum versus platinum-10% rhodium ther-
mocouple was clamped to the graphite rod about

~ inch below the specimen and could be used
to monitor the specimen temperature.

The primary electron beam, of 8-keV ener-
gy, was incident on the specimen near a verti-
cal region at an undetermined angle. Electrons
scattered through a variable known angle were
decelerated to a standard energy of about 45
eV, dispersed in a hemispherical electrostatic
analyzer, and detected with an electron mul-
tiplier. Characteristic loss spectra were ob-
tained on an X-Y recorder with the multiplier
output pulse rate shown as a function of the
sweep voltage applied to the primary gun cath-
ode. The measured width at half-maximum
intensity of the peak of electrons scattered with-
out energy loss was 1.6 eV.

Characteristic loss spectra of solid and li-

FIG. 1. Characteristic loss spectra of electrons
scattered by solid and liquid Bi for total scattering
angles 0 of 6' and 70'.

quid Bi are shown in Fig. 1 for total electron
scattering angles 8 of 6' and 70'. As in a pre-
vious investigation of the energy-loss spectra
of evaporated Bi films, ' peaks at =10 and =15
eV loss are observed and interpreted as being
due to excitation of surface' and volume' plas-
mons, respectively. In the present work, how-
ever, the excitation of the surface loss predom-
inates in both solid and liquid at 0 = 6' while
the volume loss predominates at 8 = 70', due
to the varying electron penetration. ' It was
found necessary to heat the liquid Bi initially
to about 400'C to dissolve or decompose the
surface oxide or other contaminating layer and
so to observe the structure that changed revers-
ibly in character across the melting point.

The loss spectra of liquid and solid Bi differ
in two related ways. Firstly, an additional peak
is observed at 11.5+ 0.3 eV loss in the spectrum
of liquid Bi (and not in the solid), while a small
loss peak is observed in the spectrum of solid
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Bi at 5.3~0.2 eV (and not in the liquid). Sec-
ondly, plots of the positions of the surface and
volume plasmon losses as a function of temper-
ature, shown in Fig. 2, reveal that while the
volume loss increases in magnitude on melt-
ing (by 2.2+ 0.70k), the surface loss decreases
in value on melting (by 5.6+ 1.5%).

The positions of characteristic energy-loss
peaks can be described in terms of a frequency-
dependent dielectric constant e(~).' The con-
dition for the volume-plasmon resonance~ is
c (~ =&uU) =0, and the condition for the surface-
plasmon resonance' at a Bi-vacuum interface
is e(&u = &us) = -1.'0 The dashed lines in Fig. 2

show the variation of position of the volume
and surface losses with temperature expected
using the simple free-electron dielectric con-
stant e(e) = 1 —

&up /v, where &up
= (4vNe'/m)'"

is the plasma frequency and N is the electron
density. " It can be seen that this form of e(&u)

is inadequate to describe either the positions
of the plasmon losses in solid or liquid or the
direction of change in the surface loss across
the melting point. As there is no apparent change
in the half-widths of the plasmon loss peaks on
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melting, the inclusion of a frequency-indepen-
dent relaxation time in the free-electron e(~)
would be insufficient to interpret the data of
Fig. 2.

The contribution of interband transitions to
e(~) can be expressed in the form"&"

(d
2 n
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e((u) =1- 0 p p i

40 a J
i=1

where fo represents the free-electron oscilla-
tor strength, fi represents the oscillator strength
corresponding to the transition frequency coi,
and where the effects of damping have again
been ignored. It is apparent from Fig. 2 that
the part of e(&u) due to the sum in Eq. (1) must
be different in solid and liquid Bi. That is,
there must be a different spectrum of optical
transitions and hence a different band structure
in the solid and liquid states.

Pines" has suggested using Eq. (1) with the
resonance conditions for plasmon excitation
to determine the position and oscillator strength
of an interband transition in the case n =1, should
there be a single strong transition in the region
of interest. Using the experimental values of
su~ and ~~ and also the oscillator-strength sum
rule
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FIG. 2. Observed variation in the positions of the
surface and volume plasmon losses in bismuth as a
function of temperature. The solid lines are least-
squares straight-line fits to the experimental points
(scatter due mainly to random errors in locating the
peak positions), and the dashed lines show the peak-
position variation expected using free-electron theory
for L((d).

it can be shown that 8&v, = 13.4 eV and f, = 0.04
for liquid Bi. An electron energy loss corre-
sponding to this computed value of hw, would
be expected" at about 12.2 eV. This latter val-
ue agrees well, considering the assumption
n =1 and the neglect of damping, with the posi-
tion of the structure observed at 11.5 eV. For
solid Bi, it is necessary to assume n - 2; using
the experimentally determined position h~,
= 5.3 eV, the resonance conditions can be satis-
fied by a small-oscillator-strength transition
(undetectable in this experiment) if 8&v, =14
eV. The measurements of Cardona and Green-
away'~ show an optical absorption peak'~ in
solid Bi at about 5.3 eV, though no structure
in their ref lectivity curve is apparent in the
vicinity of 14 eV.

%'ith more optical data, it would be possible
to include damping terms in a more realistic
version of Eq. (1). Nevertheless, it would be
likely that there would be more than one sig-
nificant contribution to e(~) from interband
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transitions in both solid and liquid Bi; such
contributions can be large even for small f;
wheni =~& or ~i =~s

Two comparisons of electron energy-loss
spectra in solid and liquid metals have been
previously reported. " Boersch et al. show
that the spectrum from liquid Hg is different
than that from solid Hg, although there is a
strong similarity in the spectra for the two
states. Arifov and Kasymov, however, find
no difference in the loss spectra of Sn and In
when interchanged between the solid and liquid
states.
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Motions of magnetic impurities in ferromag-
netic or antiferromagnetic materials are us-
ually masked by the predominant spin-wave
motions of host spins. However, it is possi-
ble to observe the separated motion of impu-
rity spins or impurity-localized spin waves
without exciting the host-spin system if mag-
netic characters of the host and impurity spins
are considerably different from each other.
In this communication we report the first ob-
servation of such an electron-spin resonance
of Fe + impurity spins in the metamagnetic
substance FeC1, at low temperatures, and de-
termine the exchange coupling constants of the
intralayer and inter layer interactions between
Fe + and Fe + spins by investigating both the
antiferromagnetic and ferromagnetic spin con-
figurations of the host-spin system under ex-
ternal magnetic fields.

%e investigated the magnetic resonance of
a single crystal of FeC1, containing ~ l% Fe'+
ions by microwaves of the 35-, 50-, and 70-
Gc/sec regions between 4.2 and 1.5'K using
pulsed magnetic fields up to 50 kOe. ' Several
resonance lines having systematic frequency
dependences were observed, and a frequency-
field diagram of the resonance points is shown
in Fig. 1. Considering the frequency and angu-
lar dependences, absorption intensities, and
the temperature variation of the resonance lines,
we concluded that these resonances come from
the substitutional Fe + impurity spins in FeC1,.

The crystal structure of FeCl, is isomorphous
with that of CdCl, having a layer structure along
the c plane. There is a strong ferromagnetic
exchange interaction among the intralayer fer-
rous ions, while the interlayer interaction is
weak and antiferromagnetic. A strong uniax-


