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A magnetic-dipole-active local mode has been observed in MnF,:Fe?" at 94.8 cm™! by
means of far-infrared spectroscopic techniques. For a magnetic field parallel to the ¢
axis of the crystal, the absorption line shows a linear splitting. A g factor of 2.3 is de-

rived from the data.

The introduction of magnetic impurities into a
magnetic lattice alters the spin-wave states and
can lead to spatially localized states outside the
magnon bands.! The situation is somewhat simi-
lar to the case of nonmagnetic impurities in
crystal lattices, where the phonon states are
perturbed.? The latter problem has been studied
in many investigations in the past. Most of the
experimental work has been done using far-in-
frared spectroscopic techniques.

Up to now there is little experimental evidence
for magnetic~-impurity -induced states. A num-
ber of different techniques have been used in
these investigations. A resonant-band mode has
been reported by Mgller, Houmann, and Mackin-
tosh in Th:Ho by means of the neutron spectro-
scopic technique.® Using the same technique, a
localized mode in MnF,:Co** has been found at
119 cm™ by Buyers et al.* Localized states in
MnF,, RbMnF,, and KMnF, due to Ni** impuri-
ties have been found in optical experiments as
spin-wave sidebands.5»®* Recently also a local-
ized state in KMnF,:Eu®* was observed in the
fluorescence spectrum.” In the low-frequency
region below the antiferromagnetic resonance
frequency of FeCl, and MnF,, localized states
due to Fe*t and Er®* impurities, respectively,
have been studied by means of EPR methods.?®
Finally, using far-infrared techniques, Richards
has reported a line in FeF, at 50.1 cm™', which
might be due to an as yet unidentified magnetic
impurity.*°

We wish to report the first direct spectroscop-
ic evidence using far-infrared techniques for a
magnetic-dipole-active localized mode in MnF,
:Fe2+, which has been observed at 94.8 cm™* at
1.2°K.

The measurements have been carried out with
a Strong-type lamellar interferometer!! together
with a liquid-He®-cooled germanium bolometer.'?
The magnetic field dependence of the line has
been investigated by means of a 50-kG supercon-
ducting magnet.

The doped and undoped single crystals were ob-
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tained from Optovac, Inc. The samples con-
tained 1-mole% FeF, in the melt.

The spectral region between 2 cm~! and 130
cm™ has been investigated. Besides the line at
94.8 cm™!, no other impurity-induced lines have
been found. However, the antiferromagnetic res-
onance frequency shows a shift from 8.7 cm™ in
the pure crystal to 9.2 cm ™.

The line at 94.8 cm™ has the following fea-
tures. The half-width is 0.4 cm™ and the ab-
sorption strength [adv~1 cm™®, which is com-
parable with that of the antiferromagnetic reso-
nance. Measurements with polarized radiation
show that the line is magnetic dipole active with
H of the incident radiation perpendicular to the
¢ axes. No line was observed for Hllc. With in-
creasing temperature, the line shifts to lower
frequencies and finally disappears at about 25°K.
The shift at 21°K is 1.2 cm™'. With a magnetic
field applied parallel to the ¢ axis of the sample,
the line shows a linear splitting. From the mea-
surements, a g factor of 2.3 is derived.

The experimental results at 1.2°K can be un-
derstood satisfactorily both with a simple molec-
ular-field picture and, also, with the help of a
simple spin-wave calculation. First we give the
molecular-field treatment.

The ground term of Fe?" is 3d°5D. The five-
fold orbital degeneracy is reduced by the cubic
field to an upper doublet and a lower triplet. Ad-
dition of the terms of only rhombic symmetry
lifts all the remaining orbital degeneracy. The
first excited orbital level lies an interval of the
order 10% cm™! above the orbital ground state.'s
Therefore, it is sufficient for the present work
to consider the orbital ground state only. In ad-
dition, the g factor of 2.3 indicates that the ob-
served line is due to a transition within the spin
manifold of the ground orbital level, for the val-
ue is very close to the measured g factor in FeF,
of 2.25.14

The fivefold spin degeneracy of the orbital
ground state is split by the Fe**-Mn?* exchange
field and the anisotropy field. The latter is es-
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sentially given by an expression of the form the Bohr magneton. Hgy means the molecular
-DS;’?%, where D is a positive constant. S;’ is field acting on the impurity spin, and H, the ex-
the spin component of the impurity in z direction, ternal applied magnetic field. The different signs
which is chosen parallel to the ¢ axis of the crys- refer to the site of the impurity in the two sub-
tal. The effective spin Hamiltonian for the im- lattices.
purity in the molecular-field approximation is We correlate the observed line in the molecu-
then!s lar-field picture to the transition between the
J=-g'u (H +H)S '-DS '2, (1) ground and the first excited spin level of the or-
B ex 0z z bital ground state. According to (1) the energy
Here g’ is the g factor of the impurity, and upg is difference between these two states at zero tem-

perature is
7 Aw =g'uB(HexiH0)+3D; Hex=2J’zS/g'/J.B. (2)

For MnF,, z=8, S=2. For D we use the value obtained for FeF,, D=6.5 cm~!.° To take into account
the dipolar interaction, we add 0.8 cm™! to the anisotropy term. In order that (2) fits the observed
value for the frequency, we have to choose J’=1.9 cm™?,

The same value for J’ is obtained by a simple spin-wave calculation, which we give now. The calcu-
lation is based on a simple two-sublattice model,® neglecting the tetragonal distortion of MnF,. Only
nearest-neighbor exchange coupling is again taken into account. The uniaxial anisotropy field is de-
noted by H,. y is the gyromagnetic ratio. The corresponding impurity parameters are denoted by a
prime.

The calculation is done semiclassically. Because the observed line lies nearly a factor of 2 above
the upper spin-wave zone frequency of MnF,, we consider next-nearest spins and more distant spins
as frozen in place.

For the frequency of the magnetic-dipole-active localized mode, one obtains in this approximation

w, 1 w tw ' 1 W -w 1 (w '-w )21/
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'Exn)d wg, is the upper spin-wave band frequency in MnF,, given by wg = 16SJ/%. Furthermore, in Eq.
3),

=vH - '=a,’ [ = . r=a . = . =g/
W= w =y G w =l w ' =yH G v=gug /Ty v =gl /R

First let us consider the case without applied

magnetic field. Using for J the value J=1.22 l served frequency is in fair agreement with the
cm™%,' and the same values for the other param- value J’=1.5 cm™! obtained by Wertheim, Gug-
eters as in the molecular-field picture, the Fe?t- genheim, and Buchanan,!® although our value is
Mn2* exchange coupling constant turns out to be somewhat larger.
J'=1.9 cm™?, When an applied magnetic field is taken into
The value for J’, obtained by fitting the fre- account, Eq. (3) yields the expected splitting of
quency in the molecular-field formula (2) and the the localized state. In general the frequency
spin-wave formula (3), respectively, to the ob- shifts of the two modes are not linear with field.
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This is because the magnetic field affects the im-
purity spin and the rest of the spins differently,
according to their g factors. Therefore, the
frequency distance between highest band frequen-
cy and localized-mode frequency is changed by
the external field. As a consequence, the spatial
localization of the localized mode is altered,
which in turn influences the localized-mode fre-
quency. Such a nonlinear frequency shift is, how-
ever, to be expected only for large differences in
the g factors. In the present case, the measure-
ments indicate that the difference in the g factors
of Fe** and MnF, is too small to observe the non-
linear frequency shift. We can, therefore, neglect
the quadratic magnetic field term and expand the
root in terms of w,’~w,, yielding the observed
linear frequency shifts in a good approximation.
The g factor of the localized mode turns out to be
approximately the g factor of the Fe?t impurity
alone. From the expanded form of (3) one obtains
g'=2.3.

The large value of the oscillator strength of
the localized mode is readily understood with a
semiclassical picture. For the ¢ =0 magnon
mode, the strength is proportional to the square
of the difference in the precession amplitude of
the spins in the two sublattices, whereas for the
localized mode it is approximately proportional
to the square of the precession amplitude of the
impurity spin alone. The resulting strength per
spin is about 100 times larger for the localized
mode as compared with the antiferromagnetic
resonance in MnF,.

Finally, we come to the temperature depen-
dence of the localized mode. The frequency
shift of the line with increasing temperature is
smaller than the shift of the antiferromagnetic
resonance frequency. The result is predicted by
the theory for a localized mode above the band.!®
The relatively large half-width of the line and
the large broadening indicate a coupling of the
localized mode to other excitations. Work is in
progress to investigate this behavior.
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