
VOLUME 15, NUMBER 25 PHYSICAL REVIEW LETTERS 20 DEcEMBER 1965
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0/c = 981.1 cm ", )BI = 7.87x10'2 erg/cm',

C, = -2.32x10"erg/cm',

C, = -1.01x10"erg/cm'. (2)

Using these constans the positions of the oth-
er levels in Fig. 1 have been calculated.

%e have investigated the effects of uniaxial
compressional stress and high electric fields
on the localized vibrational lines of H and
D ions in CaF, in order to obtain more infor-
mation about the interaction of the light impur-
ities with the host lattice. These experiments
are possible because of our narrow linewidths
(-1 cm ') at low temperatures. The strain
Hamiltonian for our cubic crystals under uni-
axial stress I' may be written

X=PQ, (S»+ 2$»)r +B,(S» S»)[(2n'-l'-—m')

x (2 22-x2-y2) + 3(i2-m2)(xm-y2)]

+B,S44(lmxy +mnyz+nlzx)]

A detailed discussion of the localized vibra-
tional spectrum of H and D ions in the alka-
line earth fluorides has been given recently. '
It has been shown that the light ions dissolve
in the crystals on fluorine sites'~ which have
the point symmetry Td. The localized-mode
spectra have been fitted to the Hamiltonian

JC= ~MA'r2+Bxyz+C, (x2y2+y'z~+z x')

+C,(x'+ y'+ z'),

which includes terms to fourth order in the
displacement of the light ion only; further terms
in the Hamiltonian involving motion of the lat-
tice ions are necessary to account for temper-
ature-dependent widths and shifts of the lines. '

An energy-level diagram for the vibrations
of H ions in CaF, is given in Fig. 1. Electric
dipole transitions from the I', ground state are
allowed only to I", excited states and the fun-
damental, one second harmonic, and two third
harmonics have been observed in unperturbed
crystals and are indicated by full lines in Fig. 1.
The constants of the Hamiltonian (1) obtained
from the measured frequencies of these lines
at 20'K are

for an arbitrary direction [I, m, n] of P rela-
tive to the crystal axes; only terms linear in
the displacement of the neighbors and quadra-
tic in the displacement of the light ion are in-
cluded. The strains associated with the param-
eters B„B„and8, transform like the irre-
ducible representations I „ I'„and l", of the
point group Td and represent a uniform dila-
tion (B,), tetragonal and orthorhombic distor-
tions (8,), and a shear (B,). The stiffness con-

HPANONlG

(~)
QVHMKTLV

l~
l",

pti)
5

2886 0
2862 5

2825 6

I

I
I

I

I I

I

I

I J
I

I

I

I

I

I

I I

I

I

I

I

I

I

I

I

I

l
I

I
I

FIG. 1. Schematic representation of the lower vibra-
tional energy levels of H in CaF2 at 20 K. Observed
transitions in unperturbed crystals are indicated by
full vertical lines. The energies of the other levels
have been calculated using the parameters (2) (see
text). Additional transitions observed in crystals sub-
jected to uniaxial compressional stress in the [111j
direction at 77 K are indicated by broken vertical lines.
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Table I. Energy levels and wave functions of the v= 1 levels of H ions in CaF2 under uniaxial compressional
stress P or an electric field g in the [111]direction. The polarization of light absorption from the ground state
(v=0) is included.
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FIG. 2. Splitting of the fundamental vibrational line
of H in CaF2 at 20'K by (a) uniaxial compressional
stress and (b) an electric field along the [ill] direction.
In both cases the high-energy line is observed with
light with the electric vector 7 parallel to [ill] and the
low-energy line with 7 perpendicular to [111]. Contin-
uous lines are drawn through the experimental points.

B,= (3.86+0.1)&&10" erg/cm'

B~= (0.41+ 0.1)X 10"erg/cm',

B,= (4.64+ 0.1)X 10"erg/cm'. (4)

There are two other levels for v= 2, I', (sing-
ly degenerate) and I', (doubly degenerate), in
addition to I', (see Fig. 1). Transitions to these

stants Sq~ have been measured for CaF2 over
a wide range of temperatures, ' and we shall
make the approximation (see reference 1 for
a discussion) in the analysis of our experiment-
al results that these apply to the vibrations
of the light impurities.

The I'~ levels (Fig. 1) have a threefold spa-
tial degeneracy which may be raised by the
application of stress. In a (110) direction the
degeneracy is completely raised and we observe
three lines under stress. In both (100) and (111)
directions each 1",level splits into a doublet
and a singlet and we observe two lines. %'e

may, for example, describe the fundamental
I', level (&=1, Fig. 1) in terms of the degen-
erate states lx)=11,0, 0), ly)=10, 1, 0), and

I z) = I 0, 1, 0) describing unit excitation of in-
dependent linear harmonic oscillators on the
x, y, and ~ axes. Upon application of a stress
P along the [111]direction, for example, this
triplet splits into a singlet which is observed
at higher energy with light with the electric
vector e polarized parallel to [111], and a doub-
let at lower energy which is observed with &

perpendicular to [111]; the wave functions and
strain energies are given in Table I. The ob-
served splittings obtained from the absorption
of polarized infrared light at 20'K are given
for this case in Fig. 2(a). A good fit to the
observed splittings in the [100], [110], and

[111]directions for the I', states of H in CaF,
with v= 1 and 2 (see Fig. 1) has been obtained
with
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X=ACB 'Ee(lyz+mzx+nxy). (5)

Here A is the local field (Lorentz) correction;
the predicted variation of A with specimen shape
is consistent with the experimental results
using a value of 6.7 for the static dielectric
constant. ~ C is a constant of dimensions (mass j
time') '. If we assume that the lattice is not
distorted by the field and only the light ion
moves, C = (MO') ' and B,' =B [see Eq. (1) for
a definition of MQ' and B]; some distortion
of the neighbors of the light ion is expected

levels from the ground state are forbidden for
electric dipole radiation and they are not ob-
served in unperturbed crystals. However,
the I', level may be admixed to I', and I', by

application of a stress in any direction except
(100), making transitions to these states ob-
servable. For example, under a stress of 2.4
&& 10' dyne/cm' along [111],we observe these
transitions at VV'K at 1894.0 a 2.0 cm ' (I', )

and at 1943.5+ 2.0 cm (I',) with intensities
relative to the transition to the I', state of -1/80
and -1/180; our calculations predict relative
intensities of 1/60 and 1/200. The observed
positions of the I', and I', levels obtained in
this way agree with the values obtained using
the parameters (2) (see Fig. 1); frequency shifts
between 77 and 20'K are less than our errors
of measurement.

Application of an electric field to the crys-
tal produces strain with I', symmetry, and we

observe a Stark splitting of the localized vibra-
tional levels which is linear in F. because the
light impurity ions are in lattice sites which
lack inversion symmetry. For an arbitrary
direction [l, m, n] of the electric field relative
to the crystal axes, the strain Hamiltonian
may be written

to occur, but we shall retain this value for C
and define B,' by (5). Experiments were car-
ried out with Z in the [100], [110], and [111]
directions on the fundamental and second har-
monic of H in CaF, . As an illustration, the
effect on v= 1 for E along [ill] is shown in
Fig. 2(b). The eigenvalues are given in Table I
together with the eigenfunctions which are the
same as those for P along [111]. As in that
case the high-energy line is polarized paral-
lel to [111]and the low-energy line perpendic-
ular to [ill]. All the experiments are consis-
tent with a value of

B,' = (2.1 + 0.2) && 10"erg /em'.

B,' measures the anharmonicity of the light
ion and should be related to the B's in (1) and

(4) by a microscopic theory. An investigation
of these results in the light of various models
is being pursued.

Many of the measurements described above
for H ions have been repeated for D ions
and, in agreement with calculations, the ex-
perimental splittings obtained for D are smal-
ler than those for H by a factor of about P2.

We shall give a more detailed account of the
experimental techniques and experimental re-
sults at a later time.

One of us (H. F.M. ) wishes to thank E. M. I.
Limited for the award of an Isaac Shoenberg
Scholarship.

~R. J. Elliott, W. Hayes, G. D. Jones, H. F. Mac-
donald, and C. T. Sennett, to be published.

R. G. Bessent, W. Hayes, and J. W. Hodby, Phys.
Letters 15, 115 (1965).

D. R. Huffman and M. H. Norwood, Phys. Rev. 117,
709 (1960).

4W. Kaiser, W. G. Spitzer, R. H. Kaiser, and L. K.
Howarth, Phys. Rev. 127, 1950 (1962).

963


