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vicinity of 16 cm'/V sec were obtained during
studies where the ions were considerably old-
er. The reason that Biondi and Chanin did
not detect the ion having a mobility of 16 cm'/V
sec was most probably that the discharge pulses
used in their studies were shorter than those
at which this ion appeared in the present ex-
periment. The value of 20.9 cm'/V sec report-
ed by Tyndall could probably refer to an im-
purity ion such as the neon ions, since it was
found, during the present studies, that this
ion was the dominant ion when commercial
helium was not further purified by means of
the cataphoretic -segregation process. "
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Recent investigations of impurity-induced
lattice absorption in the far-infrared spectral
region have demonstrated that sharp absorp-
tion lines can be associated with lattice reso-
nant modes. ' ' The experiments have clea,r-
ly shown that a heavy impurity ion or light im-
purity ion coupled with weak force constants
can activate a low-frequency infrared-active
mode in a1kali-halide crystals.

We wish to call attention to a marked temper-
ature dependence of the resonant-mode absorp-
tion strength which has been observed. Inter-
preting our experimental results, we find that
(1) the observed temperature dependence prob-
ably is characteristic of lattices which contain
low-frequency resonant modes, and (2) a tem-
perature-dependent contribution to the static
dielectric constant should occur. Neither of
these results has been previously predicted.

The experimental apparatus for the far-in-

frared measurements has been described else-
where. ' The experimental results are shown
in Fig. 1 for a resonant mode a,bsorption pro-
duced by a heavy impurity (KI:Ag+) and also
by a light impurity (KBr:Li+). In Fig. 1(a) the
absorption coefficient in the neighborhood of
the resonant-mode absorption for KI:Ag+ is
shown for three different temperatures. As
ihe sample temperature is increased the eigen-
frequency decreases slightly and the half-width
increases; however, the largest change occurs
in the absorption strength (JAd+ [cm ']). The
exponential form of the temperature dependence
of the absorption strength is shown in Fig. 1(b)
where a semilog plot of the strength versus
square of temperature can be fitted to a straight
line. A similar temperature dependence is
found for KBr:Li+ and is shown in Fig. 1(c).
Finally, the general nature of this temperature
dependence is indicated by the similarity of
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the temperature dependence of the hydride and

deuteride local-mode absorption strengths~
in KC1:H and KCl:D, as shown in Fig. 1(d),
to the resonant-mode cases mentioned above.

To interpret the temperature dependence
of the absorption coefficient we shall restrict
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FIG. 1. {a) The temperature dependence of the far-infrared absorption coefficient for KI:Ag+ {1.5x 10 Ag+ per
cm ). The ordinate is the impurity-induced absorption coefficient. {b) The temperature dependence of the integrat-

ed absorption coefficient for KI:Ag+, {c)for KBr:Li+ {1.3& 10 8 Li+ per cm3), and {d) for KCl:H and KCl:D
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where cv& is the eigenfrequency of the mode
X in the L system and Qg is its normal coordin-
ate. C~g is an interaction constant. The first
assumption stems from the experimental facts
that the Einstein model holds for the i system,
and the second is due to the assumption that
(a I V(r, R) I a) is linear in strain operators in
the L system. We neglect higher order coup-
ling here. The eigenstates of the L system
can then be described in terms of a set of dis-
placed harmonic oscillators.

Using the above preliminaries we study the
absorption coefficient. We shall suppose that
the resonant mode or the localized mode is op-
tically active, which, if we make use of a sim-
ple harmonic model for the crystal, yields the
following typical resonance form for the absorp-
tion coefficient:

( )
B((u) f;„

ll ((d (do) + I pgg
(2)

ourselves to the cases of a sharp resonant mode
at very low frequencies or a localized mode
far above the Debye cutoff frequency. For such
an impurity mode, the Einstein oscillator mod-
el holds in first approximation. s~' Thus, we
can divide the crystal into two parts, the one
being associated with the impurity (the i sys-
tem) and the other with the rest of the lattice
(the L system). The Hamiltonian of the total
system describing the motion of the ions can
be written as the sum of three terms: the Ham-
iltonian of the i system, the Hamiltonian of
the L system, and the interaction term which
we shall call V(r, B), where r and 8 are a set
of coordinates in the i system and in the L sys-
tem, respectively. Then if V(r, R) =0, the L
system can be described by a, set of harmonic
oscillators. We look for eigenstates of the Ham-
iltonian of the form I en) =

I n) In), where o. and
n specify eigenstates of the i system and the
L system, respectively, and take the interac-
tion to be of the form

(o. I V(r, R) I o.) =P C w Q,

where Sc „I and hc z are the energies of the L
system in the final state and in the initial state,
respectively, and p(n) is the probability that
the L system is initially in the state In). In
the evaluation of the square of the matrix ele-
ment, l(n' In) Im, we retain only terms which
are quadratic in the displaced harmonic oscil-
lator coordinates and neglect higher orders.
An approximate expression of A(~) near w

=co0, which is the absorption coefficient of the
zero-L-phonon line, is given by'

x C -C ) Ao(&u),
nA. n'A. (4)

where M is the mass of the atom in the L sys-
tem and (n&) =(exp(h(u~/kHT)-i} ' is the aver-
age occupation number of the mode A. at tem-
perature T. kB is the Boltzmann constant.
For the resonant mode in which 10 is finite,
Eq. (4) only holds approximately. If we assume
that (Co,~-Co, ~~)' is constant and consider the
low-temperature region where T«e„where
8, is the Debye temperature, then Eq. (4) be-
comes'

A(~) = exp-g(1 +@&))A,((u),

and the second term in the exponent yields the
typical T' dependence.

A detailed discussion of the coefficients P
and y is omitted here.

The temperature dependence of the resonant-
mode absorption cofficient given in Eq. (6) should
produce an impurity-induced temperature-de-
pendent contribution to the static dielectric
constant, be, ~, since from the Kramers-Kronig
relations'

Eq. (2) may be modified as follows:

)
B((u) ) ( )

I(n' In) I'(f"0(,) (3)
((u-(u +(u, -~ )'+f' '/4'

O & n 0

where &0 is the eigenfrequency of the resonant
mode or the localized mode and l 0 is the width,
which is to be taken as zero for the localized
mode. B(&u) is a function of frequency which
may be different for different properties of im-
purity modes. When we introduce the interac-
tion between the i system and the L system,

0
(6)

where e = e,-ie, and e,'(&u') describes only the
low-frequency impurity-induced absorption
contribution. The integral in Eq. (6) encom-
passes both the sharp resonant line at ~0 and
the important low-frequency region of the one-
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I.-phonon spectrum at ~. The intrinsic lattice
absorption from the transverse optic branch
of the I system is far removed from the low-
frequency region considered here. As the tem-
perature of the system increases from absolute
zero, the absorption strength is transferred
from the frequency region around a, to the fre-
quency region around co, and the center of grav-
ity of the total absorption strength shifts with
temperature. As long as the center of gravity
of the low-frequency impurity-induced absorp-
tion strength is temperature dependent, Eq. (6)
guarantees that the static dielectric constant
is also temperature dependent. An interesting
consequence of this temperature dependence
is that a characteristic electrocaloric effect'
should occur for this system. This effect should
be quite modest for KI:Ag+ and KBr:Li+ but
should become measurable for systems with
lower frequency impurity modes. "

In summary, then we conclude that the Debye-
Waller factor, which appears in the zero-pho-
non lines of neutron diffraction, x-ray diffrac-
tion, the Mossbauer effect, ' and optical absorp-
tion of some defects in solids, "also exists
for the zero-i. -phonon line of impurity-acti-
vated infrared absorption in alkali-halide crys-
tals. The appearance of the Debye-Wailer fac-
tor in this latter problem arises from random
thermal modulation of impurity modes by lat-
tice phonon modes. The low frequency of the
resonant mode insures that the influence of
this modulation can also be seen as a temper-
ature-dependent contribution to the static di-

electric constant.
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Recently Halley and Silvera' suggested a mech-
anism of inducing the electric dipole transition
moment at an ion site in a magnetic material
by magnon excitation. Assuming this mechan-
ism, they interpreted the far-infrared absorp-
tion peak of FeF, at 154 cm '. The same mech-
ansim was assumed by Greene et al.' in the
interpretation of the magnon side band in the

visible absorption spectrum of MnF, .
In this Letter we will point out that these

spectra as well as the far-infrared absorption'
of CoF, should be, as shown at the end of this
Letter, interpreted by another mechanism,
which was originally considered to explain
the magnon side band of the 'A, -'E line in
KNiF3 and was successfully applied to the Mn-
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