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Table I. Summary of experimental results.

He' n=4 level

Microwave Magnetic field separations Estimated
frequency at center (exptl.) uncertainty
Transition (Mc/sec) ((e)] (Mc/sec) (Mc/sec)
af 11228.2 4798.6 8§ =1770 +20
Be 1783.0 1935.8 8 =1760 +20
ac 9639.3 4709.1 AE -8 =20 155 +20
Bd 11804.7 5998.5 AE —8 =20 200 +20

are to be compared with the theoretical values®
8 =1769 Mc/sec and AE =21946 Mc/sec. We
conclude that there is no significant discrepan-
cy between theoretical and experimental values
for the n =4 He" level shift and fine structure
within the precision of the present experiment.
It is hoped to undertake a more precise mea-
surement in which the many corrections not
treated in the present work will be fully taken
into account.

TResearch supported in part by the U. S. Air Force
Office of Scientific Research.

g, w. Series, Proc. Roy. Soc. (London) A226, 377
(1954).

2G. Herzberg, Z. Physik 146, 269 (1956).

3F. L. Roesler and L. DeNoyer, Phys. Rev. Letters

12, 396 (1964).

F. L. Roesler and J. E. Mack, Phys. Rev. 135, A58
(1964).

°E. Lipworth and R. Novick, Phys. Rev. 108, 1434
(1957).

M. Leventhal, K. R. Lea, and W. E. Lamb, Jr.,
Phys. Rev. Letters 15, 1013 (1965).

'G. W. Series and W. N. Fox, J. Phys. Radium 19,
850 (1958).

SRef. 2 gives the following lifetime values in units of
10~8% sec: 4S, 1.4154; 4P, 0.076 87; 4D, 0.2258; 4F,
0.4531.

9The theoretical value for § was obtained using the
formulas of G. W. Erickson, Phys. Rev. Letters 15,
338 (1965); the theoretical value for AE was obtained
by scaling the fine-structure splitting of the » =2 levels
of deuterium, as measured by E. S. Dayhoff, S. Trieb-
wasser, and W. E. Lamb, Jr., Phys. Rev. 89, 106
(1953).

ELECTRIC RESONANCE OF ROTATING DIPOLES IN IONIC CRYSTALS
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Considerable recent interest!™® has been shown
in the rotational motion of hydroxyl ions when
these ions replace halide ions in alkali-halide
lattices. Stark-effect measurements have pre-
viously been utilized to study the rotational
states of diatomic molecules in the gaseous
phase.* These experiments suggest that simi-
lar measurements should be possible in insu-
lating crystals containing rotating, polar ions
such as OH™ or SH™, as has indeed been re-
cently pointed out by others.?> This paper re-
ports the first experimental observation of this
effect.

In the alkali halides, the rotational motion
of OH™ is hindered by the periodic potential
barriers within the octahedral lattice site.®”
At low temperatures only states lying below

the potential barriers are occupied. In order
to observe transitions between these “tunnel-
ing” states in a specific energy range, such
as the microwave region, two conditions must
be fulfilled. The potential barrier must not
be so high as to preclude finite transition prob-
abilities between the states, and yet not so low
that the states are split by more than micro-
wave energies.

In the present experiment, samples contain-
ing 10~ to 103 ppm of OH™ or about 30 ppm
of SH™ were used. These samples were placed
in the high microwave electric field of a re-
entrant cavity in a 9-kMc/sec system. The
experimental technique was an electric analog
of the usual epr arrangement. A continuously
variable dc electric field, E,, was applied par-
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allel to the [001] direction of the alkali-halide
lattice, which was also the direction of polar-
ization of the microwave field. In addition, a
uniaxial strain, €,, could be applied by clamp-
ing the crystal in the [001] direction. The mic-
rowave-power absorption was obtained by in-
tegrating its experimentally obtained derivative
with respect to electric field. Hence, the ab-
solute value of the microwave power absorption
is uncertain to within a constant of integration.
Only measurements made at 1.4°K are report-
ed here.

Figure 1 shows the microwave absorption
as a function of E,, and various magnitudes
of strain,® as observed in KCI containing OH™.
As seen in Fig. 1(b), the value of the field at
which the band at low E, (hereafter called the
L. E, band) appears is essentially independent
of €,, whereas the position of the band at high
E, (hereafter called the H. E, band) shifts mark-
edly to higher values of E, as ¢, increases.
On the other hand, the intensity of the L. E,
band decreases markedly with increasing €,,
whereas the intensity of the H. E, band remains
constant to within experimental error. The
magnitudes of both bands varies directly with
OH™ concentration. In samples with greater
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FIG. 1. Microwave absorption at 1.4°K as a function
of applied dc electric field, E;. (a) Sample of KCl
with approximately 0.1 ppm OH™. (b) Sample of KC1
with 20 ppm OH ™ and various values of the applied
strain field. (The break in the middle curves refers to
the ordinate scale change as is indicated in the figure.)
The arrows indicate the observed location of the peak
of the H. E ; band; the peak of the L. E; band is evident
near E;=0.
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than 2 ppm of OH™ the widths of the bands in-
crease, and their peak positions change with
OH™ concentration. These results are evident
from a comparison of Fig. 1(a) with 1(b). Simi-
lar results to those shown in Fig. 1 were ob-
tained for KBr:KSH; however, in this case the
L. E; band is somewhat narrower and is shift-
ed to 23.6+ 1 kV/cm. In contrast, only very
weak microwave absorption was observed for
LiF:LiOH and KCI1:KSH.

To interpret these results, we start with the
following model. In KCLI:KCN it has been con-
cluded that the CN™ rotates such that its cen-
ter of mass nearly coincides with the center
of the halide site.” This situation must be modi-
fied for the case of OH™ in KCl. The ionic ra~
dius of OH™ is 1.33 .2\, and therefore small com-
pared to 1.92 A for CN™ and 1.85 A for C1™.
Furthermore, OH™ is considerably more polar
than CN™. A reduction in the electrostatic en-
ergy can, therefore, be achieved if the center
of mass of the OH™ is displaced® from the cen-
ter of the halide site, and the ion is oriented
with respect to the nearest-neighbor alkali ions
as shown in Fig. 2.

Figure 2 also indicates one of the possible
motions the ion can execute in the displaced
position. Namely, the ion may move from one
potential minimum within the halide site to the
next by translating its center of mass, without
changing its orientation with respect to the near-
est alkali ion.!® In a second motion (not shown),
the center of mass remains stationary, but the
ion rotates about axes perpendicular to the axis
of the ion and passing through its center of mass.
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FIG. 2. Displaced position of OH™ ion with respect
to four of the six nearest-neighbor alkali ions. The
translational motion of the center of gravity is shown
by the arrows. The alkali ions above and below the ha-
lide site, as well as the translational motion out of the
plane of the figure, are to be implicitly understood.
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An estimate, based on electrostatic fields, in-
dicates that the potential barrier between equiv-

alent rotational sites is 2 to 3 times that between
equivalent translational sites. To a first ap-

proximation we may, therefore, neglect the
rotational motion in discussing the states of
the translational motion.

If one makes the further simplifying assump-
tion that the center-of-mass displacement is
constant throughout the translational motion,
then the Schrodinger equation for the motion
is formally the same as that for the rotational
states of a rigid diatomic molecule in a cubic
potential with minima along (100) axes of the
lattice. The solutions obtained by Devonshire®
for this case can therefore be applied here,
provided proper account is taken of the dis-
placement of the center of rotation. Accord-
ingly, the ground state consists of three near-
ly degenerate levels which belong to the A4 g
Ty,, and Eg representations of the cubic group.
These levels can be split under application of
E; and €;, as follows immediately from crys-
tal-field theory. The resultant splittings are
illustrated in Fig. 3. It can further be readily
shown that after the application of these fields,
microwaves polarized in the z direction can
cause electric dipole transitions only between
A, states.

The results for KC1:KOH indicated in Fig. 1,
and those for KBr:KSH, follow from a compari-
son of Figs. 3(a) and 3(c). Since the microwave
frequency is fixed, the position of the L. E,
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FIG. 3. Energy level scheme for the rotational levels
as a function of (a) applied electric field E ; only,
(b) applied strain field €z only, and (c) applied electric
field E ; after application of a fixed magnitude of the
strain field. The insert gives the levels and their rep-
resentations at zero applied field. The observed tran-
sitions are indicated as L. E; and H. E .

transition is determined primarily by E;. In
contrast, the electric field value at which the
H. E, transition occurs increases with increas-
ing €;. The intensity of the H. E, transition

is independent of €z, since it depends on the
population of the ground A, state. However,

as can be seen from Fig. 3(c), increased €,
results in a decrease in the population of the
excited A, levels and thereby a decrease in the
intensity of the L. E, transition.

An estimate of the zero-field splitting of the
Eg and Ty, states may be made on the assump-
tion of a strong-field Stark splitting of nearly
degenerate levels.!* However, even the low-
est published! value for the OH™ dipole moment
(from crystals with 10 to 100 ppm OH™) leads
to the physically unreasonable result that the
A, levels cross at E; ~3 kV/cm. It is, however,
evident from Fig. 3 that the effective dipole
moment depends on the relative energies of
the three A, states, i.e., on E; and €;. Fur-
thermore, the peak position of the L. E, band,

and thereby the effective dipole moment, de-
pends on the OH™ concentration. Consequent-

ly, until measurements are made with one other
microwave frequency on the present samples,
we are limited to the knowledge that the zero-
field splitting is considerably less than 9 kMc/
sec.

From the width of the L. E, band, as observed
for samples with <2 ppm OH™, under essential-
ly zero applied stress, we estimate a lifetime
in the excited state of about 3x10~° sec.!* This
value is in reasonable agreement with the value
of the lifetime obtained by an extrapolation of
the results of dielectric measurements at 1.6°K.'?
The extrapolation is based on the assumption
of one-phonon emission processes.

Finally, the results on LiF:LiOH and KC1:KSH
can be qualitatively understood as follows. In
these lattices, the impurity size approaches
that of the halide site. The translational mo-
tion is accordingly suppressed because the po-
tential barrier for this motion is very high.

The classical situation is therefore approached,
and microwave induced dipole reorientation
becomes negligibly small.

The authors are indebted to Dr. W. Kéinzig
for calling attention to the possibility of the
present experiment.
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We have measured the angular correlation
of the photons from two-quantum positron an-
nihilation in single-crystal disks of the rare-
earth metals holmium and erbium, and in yt-
trium, which has a similar crystal and elec-
tronic structure. The coincidence distributions
in the three metals are similar and highly an-
istropic, and the qualitative features of the
c-axis (0001) results are reproduced by a cal-
culation based on the independent-particle mod-
el. In the antiferromagnetic phase, the distri-
bution for the c-axis holmium crystal is mod-
ified, and this change is ascribed to the ap-
pearance of magnetic superzone energy gaps.

The experiments were carried out with a
conventional parallel-slit geometry,! using a
magnetically focused Co® positron source.
The angular resolution of the apparatus was
approximately 0.25 mrad. The results for
holmium in the paramagnetic phase at room
temperature are shown in Fig. 1(a). The b-
axis (1010) data do not depart greatly from the
parabola corresponding to three free electrons
per atom, but the c-axis curve drops sharply
at low angles and has a pronounced hump at
about 3 mrad. The large anisotropy in the co-
incidence curves is in accord with the results
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of recent band-structure calculations on hex-
agonal close-packed rare-earth metals.?3
This anisotropy is clearly manifested by the
Fermi surface of holmium calculated using
the augmented-plane-wave (APW) method.
Sections of this surface are shown in the re-
duced zone in Fig. 2 and a noteworthy feature
is the large, approximately flat electron and
hole regions normal to the ¢ axis. These sur-
faces run parallel to each other over a large
region when spin-orbit coupling is taken into
account in a relativistic APW calculation,*
and we propose that their separation primari-
ly determines the @ vector of the periodic mag-
netically ordered phases. The mixing of states
due to the magnetic periodicity would destroy
large areas of these surfaces, thus causing
the large observed reduction in electrical con-
ductivity in the ordered state.®

The structure in the angular distributions
for the c-axis crystals indicates that these
metals can provide a sensitive test of the in-
dependent-particle theory of positron annihila-
tion. We have therefore calculated the angular
distribution of photons in yttrium, using the
independent-particle model,? according to which
the number of coincidences at an angle 6 is



