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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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Mn and Mn-Ni pair spectra, in KZnF, :Mn' and

KZnF, :Mn, Ni' in order to explain the observed
spectral structure and the intensity enhance-
ment.

Our mechanism can be explained as follows:

For simplicity, let us consider a pair of ions
a and 5 where an up and a down spin are accom-
odated in orbitals y~ and spy, respectively,
in the ground state. The transition electric
dipole moment accompanying the flip of both
spins, &ya~yb~ lPeffl'fj&b$'pay), is given as

&q &Vb& ~ P
ff ~+bid, &) =Z &V, &V»& ~ P ~ W Wb, )&V ieb& ~

V I yb&W, ,) l«(y -y )

+(expression obtained interchanging P and V)

+Z,&V', iV» ~P~V', iV, ~)&W, &V,~
I V ~V»e, ~)l«(V, —V'b)

+(expression obtained interchanging P and V),

P =II (s ~ s ).eff ah a (2)

It should be noted that, if the arrangement
of the pair of orbitals, y~ and yy, has a cen-
ter of symmetry, the first two lines in Eq. (1)
cancel the last two lines leading to a vanish-
ing electric dipole transition moment. How-
ever, if the pair has no center of symmetry,
as Fe-F-Fe in rutile crystals, Peff is nonvan-
ishing, even if the metal ion is at the center
of symmetry.

For periodic crystals Eq. (1) may be easily

where P is the electric dipole moment oper-
ator, «(y&-y) the energy required in trans-
ferring an electron from y to cp&, and y and

p~ any orbital of ions a and b [y& (or y~ is
an odd-parity excited orbital when q & (or y~)
is the orbital of ion a (or b)]. The nonvanish-
ing interaction operator V should be the two-
electron Coulomb operator r» ' when y& w yy
(y~ g q&a), but it could also be the kinetic plus
the crystalline field operator when y@ = yy
(y~ = ya). In the former case the matrix ele-
ments of V are the hybrid or nondiagonal ex-
change integrals, and in the latter they are
the so-called transfer integrals. The matrix
elements are defined as

&V Vb~V~ebu, )

=fd~ d7 y "(1)y '(2)V(p (l)y (2).
1 2 p, b b a

%'e have neglected the contribution from the
charge transfer effect where ligand electrons
are involved. ' This may be more important
as in the theory of superexchange interaction. '
By using spin operators s~ and sy of electrons
in y~ and yy, respectively, the operator equiv-
alent of Eq (1) may .be expressed as follows,

extended. For example, in a one-dimension-
al antiferromagnet, in which metal ions are
at the center of symmetry but no center of sym-
metry is found between two neighboring met-
al ions, the effective transition dipole moment
is given by

P =II P (s -s. -s. s. ),
j =even

(3)

P q '-y )=II, (s, ~ s ),eff a a a'a, b a'a b
'

for the ion pair O-b, where

s, = P c, , 'c &m' is ~rn),a'a , a'rn' am
m m

(4)

and c~~ is the annihilation operator of the elec-
tron in the orbital yz with spin m. Even if the
Pair has a center of symmetry (ya = Pb), we
obtain in this case a nonvanishing Peff,

P (y '-y ) =II, (s, ~ s -s ~ s ). (5)eff a a a'a 5 a'a b a

It will not be difficult to understand that our
mechanism will lead for the FeF, and MnFI
spectra of interest to a result qualitatively sim-
ilar to those mentioned by the authors cited
in the beginning. The observed intensity of
the magnon side band of MnF, can be explained
if the matrix elements of V are of the order

where only the nearest-neighbor interaction
is assumed. The minus sign of sj sj y comes
from the fact that 0 transforms like a vector and
the jth ion is at the center of symmetry. Eq. (3)
indeed leads to the excitation of a very short
spin wave.

Similarly a transition moment accompanying
an electronic excitation, ya - ya' (in the case
of MnF„BA, —T,), is given as
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of 1-10 cm which seems reasonable. More detailed studies of our mechanism' and its application
will be published elsewhere in the future.

Halley and Silvera's mechanism seems to us to be ineffective. If their first expression is correctly
written, it is

(6)

Considering the fact that the orbital functions
appearing in Eq. (6) can be chosen to be real,
we see that the matrix elements of L are pure
imaginary while those of q(oP) are real. This
immediately leads to a vanishing q because
of the Hermitean nature of L. Putting it in a
more sophisticated way, the quadrupole moment,
which is Hermitean and invariant with respect
to time reversal, cannot be represented by a
Hermitean operator proportional to 5 which

changes its sign upon time reversal.
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It is known that solid hydrogen has a specif-
ic-heat anomaly at about 1.6'K at high ortho-
hydrogen concentrations (&60@).' ~ This anom-
aly is accompanied by a change in the nuclear
magnetic resonance line shape. ' It has been
shown that solid hydrogen undergoes an order-
disorder transition at this temperature which
could be caused by the quadrupole-quadrupole
interaction between the ortho-molecules. ' "
Further, Nakamura has shown that this quad-
rupole-quadrupole interaction is the most im-
portant contribution to the energy of ordering.
Below the transition temperature an ordered
state is formed to give minimum interaction
energy. Recently, the infrared-absorption spec-
trum of solid hydrogen has been measured by
Clouter and Gush" near 1.5'K. They observed
a change in the spectrum at the same tempera-

g, , l+2(S, ~ S,)' (S, ~ r)'+ (S, ~ r)'+4(s, ~

r 7

ture, which can only be explained if we assume
that the crystal structure changes from one
without inversion symmetry above the transi-
tion temperature to one with inversion symme-
try below it.

The purpose of this note is to suggest a low-
est energy configuration of pure ortho-hydro-
gen and to show that the minimum quadrupolar
energy in the face-centered cubic lattice is
lower than that in the hexagonal close-packed
lattice, a result in accord with the measure-
ments of Clouter and Gush. " This is done by
the classical method of Luttinger and Tisza"
for minimizing the dipole-dipole interaction
energy which has been generalized by Nagai
and Nakamura" for quadrupole interaction.

The interaction energy between two quadru-
poles, each of quadrupole moment q, is given
by

r)(S, r)(s, S,) 3&(S, .r)'(S, r)'~
&9 j
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