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data support the model that assumes the electron
spins are polarized only in the discharge region
and that after the electrons are trapped in the
bubble (outside the high—electric-field discharge
region) no further polarization occurs. In °He,
we propose that not only does polarization take
place in the discharge (although this produces
only a small fraction of the average polarization)
but that spin-lattice relaxation towares steady-
state magnetization occurs when the electron is
in the bubble state.

These new results suggest several experiments
which we are attempting. The existence of a
strong electron-nuclear interaction might make
it possible to observe dynamic nuclear polariza-
tion in liquid *He. Such studies will give direct
confirmation of our explanation of these ESR
experiments as well as possibly providing a tech-
nique for producing large polarization in an im-
portant nuclear-physics target material, The
best reported polarization scheme in liquid *He,
using room-temperature optically pumped gas in
contact with liquid at low temperatures, achieved
only 0.85% polarization in the steady state.’

The ESR spectra of negative ions in *He->He
mixtures will also be measured. Andreev® and
others have predicted a temperature-dependent
condensation of the *He atoms on the free surface
of bulk helium for dilute mixtures of He. Such
condensation of the *He atoms should also occur
on the free surface of the ion bubbles. We believe

our ESR experiments can detect this condensation.

It may also be possible to observe the ESR
spectra of ions trapped in solid *He. A careful
search for the signal in the solid was made in
“He but none was detected, indicating that in
solid *He the electronic 7} is so long that steady-
state polarization is extremely small. In solid
He, the hyperfine interaction may be sufficiently
short to reduce T; so that the ESR of these trapped
and almost stationary ions can be observed.
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We have investigated the orientation dependence of the structure near the boron K edge
in electron-energy-loss spectra from hexagonal boron nitride. Angular distributions of
spectra recorded from crystals with ¢ axis tilted at 45° to the beam allow us to determine
unambiguously the m and ¢ character of the final states at different energies. Results are
in quantitative agreement with a model based on hydridized atomic orbitals.

In this Letter, we report the observation of an
orientational dependence of core-edge fine struc-
ture in electron-energy-loss spectra of thin ani-
sotropic crystals. Fine structure can arise when
an inner-shell electron in a state i) makes a
transition to an unoccupied state I|f) character-
ized by a high combined value of density of states
and matrix element factors and accompanied by
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a momentum transfer §=¢€,.'"° At the small
scattering angles considered here (¢ =<0.6 A1),
the cross section for this process will depend on
matrix elements which can be put in the dipole
form ¢(f |€,%14). The implied angular depen-
dence can therefore be explored by measurement
of energy-loss spectra for €, parallel to different
directions in the crystal, thus giving the orienta-
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tion of the final state |f). In the present experi-
ments, such spectra for the boron K edge in hex-

agonal boron nitride are measured and used to
verify the character and energy of unoccupied 7
and o valence states. In the form just given

above, the matrix element is similar to the photo

electric matrix element with €, playing the role
of the polarization unit vector. Thus the experi-
ments are similar to studies with polarized syn-
chrontron radiation of an equivalent energy, as
reported for layered chalcogenides® and boron
nitride.,” Our observations are substantially dif-

ferent from the x-ray observations on BN and are
therefore of some interest in that regard. More-
over, the experiments are the first explicit dem-

onstration in detail that this type of study can be
performed with fast electrons.

Within the dipole approximation, the differen-
tial cross section with respect to energy loss E
and solid angle Q can be given in the form?

d’o () 4

where a, is the Bohr radius and |f) is normalized
per unit energy. We are interested in the angular

dependence of the cross section with scattering
geometry as sketched in Fig. 1(a). For small
scattering angles 6, the dipole selection rules
must be satisfied for the change in angular mo-

mentum (Al =+ 1), so that for an initial |1s) state,

the final state has ! =1 symmetry. Since BN is
an insulator, a tight-binding model for the final
states made up of 2s and 2p orbitals is a common
first approximation.® Because of the small spa-
tial extent of the initial-state wave function, the
dominant contribution to the matrix element is
overlap between the initial state and that part of
the tight-binding | f) representing the atomic
state localized on the same atom. We therefore
will neglect contributions to the matrix element
from atomic states in |f) localized on the other
atoms. The model is essentially atomic but we
note that band-structure effects will be reflected
in the energy level of the final state and the cor-
responding density of states, These will deter-
mine the energy dependence of the spectrum
above the core edge whereas the angular part of
the matrix element will determine the dependence
on scattering angle. In a crystal the lobes of the
angular parts of the wave functions are deter-
mined by the structure. Thus in BN an appropri-
ate sum of empty 2p, states parallel to the ¢ axis
represents 7* antibonding orbitals and hybridized
2sp, py states perpendicular to the ¢ axis repre-
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FIG. 1. (a) Diagram for scattering through angle 6
=0y for incident electron momentum % and momentum
transfer 4. Subscripts 1 and 2 correspond to +6 and
-6, respectively. The parallel (minimum) and perpen~
dicular g values are indicated. (b) Schematic diagram
of BN tilted at y=—45° to ¢ axis. The position coordi-
nate T is shown. (c) Theoretical and experimental an-
gular distributions for the 1s—7 and 1s—o¢ transitions.

sent antibonding o * orbitals. This is shown sche-
matically in Fig. 1(b) where the electron beam is
incident at an angle y to the ¢ axis,

If we define the angle between the ¢ axis and
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&€, as a, then evaluation of the angular part of
Eq. (1) for the 7* orbital gives

&0 (0)/dE d = q”*f(E) cos?(a ~y)
o (02 +6 52)" 'cos®[tan"1(0/65) =], (2)

where 05 =E/2E, (with E, the incident energy)
arises from standard scattering kinematics [Fig.
1(a)l. The radial integral, the energy depen-
dence, and the density of states are factored out
in the term f(E). A similar calculation for the
o* orbital gives

%0 0)/dE dS <02+ 0,2) sin?ltan™(0/05) -7, (3)

For a value of y =— 45° the numerators in Eqgs.

(2) and (3) are peaked at —6; for the 7* orbital
corresponding to €, parallel to the ¢ axis, and at
+0p for the o* orbital when €, is parallel to the a
axis, Division by ¢* shifts the maxima to +0.416;
this is shown in Fig. 1(c) where the relation be-
tween the scattering distributions and the orienta-
tions of the orbitals in Fig. 1(b) is evident.

Fine structure in the 1s core excitation spec-
trum of hexagonal BN and graphite has been re-
ported previously for electrons incident parallel
to the ¢ axis.?"*'!° In the case of graphite, a
very sharp peak at the edge has been attributed
to excitation of 7* states, whereas a broader
peak about 7 eV above threshold has been at-
tributed to a 1s—o* transition.® This identifica-
tion has been carried out by comparison of spec-
tra with the density of states derived from band
calculations, It is consistent with existing mo-
mentum-dependence studies on graphite at nor-
mal incidence.'® As presented in the previous
paragraph, comparison of the cross sections on
either side of 6=0 for electrons incident at 45° to
the ¢ axis will determine unambigously the final-
state 7* or o* orbital character of these peaks.

It is necessary to probe the scattering on an an-
gular scale commensurate with 6;, which for the
boron K edge at 190 eV and 75 keV incident ener-
gy has the value 1,3X10°% rad (or 0.2 A™! perpen-
dicular momentum transfer). An angular resolu-
tion of order 2%X10"* rad is therefore desirable
to explore the effect.

These conditions are readily achievable in elec-
tron-microscope -electron-spectrometer system
described previously.'' In using this electron
microscope in the selected-area diffraction mode,
a 4-pm spot of 75-keV electrons is incident on
the specimen with a beam divergence of ~2Xx107*
rad. The diffraction pattern is viewed on a fluo-
rescent screen (and recorded on photographic

plates) with the specimen inserted in a special
holder at 45° to obtain the geometry in Fig. 1(b).
An entrance slit to the spectrometer selects elec-
trons according to the angle of scattering and the
spectrometer disperses them in a direction per-
pendicular to the slit, A two-dimensional pattern
results giving a map of the scattered electron in-
tensity as a function of both energy loss and scat-
tering angle. The optical density of a photograph-
ic plate exposed appropriately to the electrons is
to a good approximation linear with the electron
intensity and profiles can be obtained with a densi-
tometer. Samples were prepared by grinding
bulk BN and suspending the powder in ethyl alco-
hol. The powder was picked up on a support film
of 100-A amorphous carbon and, after drying,
flakes about 3 pm in diameter lying flat on the
substrate were selected for study. Calibration
of scattering angles was carried out using the
diffraction pattern and energy loss using a digi-
tal offset to the Wien filter, Absolute measure-
ment of the energy losses was accurate to ~+0.5
eV and spectra were recorded at an energy reso-
lution of ~ 1.4 eV. :

In the region of the boron K edge of a sample
200-300 A thick, tilted at 45°, three peaks can
be identified. Following earlier work on graph-
ite, a strong peak at 192 eV can be attributed to
the 1s—m* band transitions. Peaks at 199 and
204.5 eV can be attributed to the 1s -0 * band
transitions. The change in shape of the spectrum
with scattering angle is shown in Fig. 2 where
densitometer traces have been recorded at 6=0,
+1.2, and + 2.4 mrad., For -0 the 7 peak is strong
and the o peaks are weak, while for +6 the situa-
tion is reversed as expected. Angular scans re-
corded with a resolution of ~2%X107* rad are
shown in Fig. 1(c). These measured values were
obtained from densitometer traces after subtrac-
tion of the background intensity immediately pre-
ceding the peaks and scaling to facilitate compari-
son with theory., Agreement with the theoretical
curve is good for the 7 peak and even the drop to
zero intensity at ~ 0 is predicted followed by a
secondary maximum at ~ 2,46, whose intensity is
only about 3% of the main maximum at ~ - 0,465,
Agreement is also reasonable for the ¢ peak, and
the lack of a secondary maximum here may be
accounted for by the poorer statistics and by some
multiple scattering., It is noted that the total spec-
imen thickness (~ 300 A) as estimated from the
low-loss spectrum is not great enough to produce
appreciable multiple scattering in the region of
the boron K edge. The similar angular depen-
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FIG. 2. Spectrum in region of boron K edge at differ-

ent values of 6 showing changes in amplitude of the 7™
and o peaks for a sample tilted at 45° to the c axis.

dence of the peaks at 199 and 204.5 eV (Fig. 2)
allows us to characterize both as 1s—-o* transi-
tions which we label as 0,, and 0,, respectively.
The photoelectric absorption observations of
Brown, Backrach, and Skibowski’ over an energy
range between 186 and 201 eV are difficult to rec-
oncile with our observations. A peak at 192 eV
reported by these authors increases little or not
at all for the two crystal orientations investigated.
Another peak occurs in their data at 195 eV polar-
ized parallel to the c axis, We also see a faint
peak at this energy in our normal-incidence data
but it is very weak compared with the strong 192-
eV peak which we find is also polarized along the
¢ axis. A number of theoretical band-structure
calculations of BN have been performed®12:13
and all these predict a final density of states at
the Brillouin-zone boundary QP with peaks from
the unoccupied 7* band lower in energy than the
peaks from the two o* bands. Such calculations
are consistent with our measurements but exci-
tonic effects including electronic relaxation near
the core hole should not be ignored. These can
shift peaks in the region of the core edge towards
lower energies and modify their shapes. It
seems unlikely that these shifts will change the
sequence of 7* and o* peaks separated by the or-
der of 7 eV. At present we do not make a de-
tailed comparison of our data with the ground-

1364

state density of states but emphasize that our ori-
entation dependence studies can determine final-
state symmetries. Although the reasons for the
discrepancies between our data and the synchro-
tron studies are not clear, we note that some dif-
ficulties have previously been encountered with
x~-ray polarization measurements. Results of an
experiment on the Se L edge originally attributed
to a polarization dependence’ were later shown
to arise from holes in the sample.®

Our angular studies at different crystal orienta-
tions permit separation of the peaks into those as-
sociated with the 7* and o* states, respectively,
since they provide unambiguous identification of
the orientation of the /=1 part of the final states.
We add that measurements made on BN at normal
incidence also agree with theory and these results
together with data for graphite will be published
separately. For low-Z elements, in particular,
this promises to provide a useful addition to the
probes of electronic structure currently available,
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