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and 162.5/165 cm ' (Ni'+:MnF, ) lines. Measure-
ment of the possible antisymmetry of the scatter-
ing tensor for this line has been precluded so far
by the small size of the available samples. This
measurement should be done since a one-magnon
line would have an antisymmetric scattering ten-
sor (n +o. „=0).
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Weak Raman scattering from nickel-doped MnF2 observed below TN has been identified
with the simultaneous excitation of pairs of single-spin-deviation impurity magnon
modes. The polarization and scattering frequency are accurately predicted by a simple
model allowing for an interaction between the modes.

In this Letter we describe the first experimen-
tal observation of localized magnons using Ra-
man spectroscopy. ' Localized magnon modes
have already been identified by other experimen-
tal techniques such as fluorescence studies, '
ESR,3 and neutron scattering. 4 The localized
magnons associated with nickel impurities in
Mnp, comprise a particularly favorable system
for investigation since the spin-wave spectrum
of MnF, is well known and a magnon impurity
mode has been observed in fluorescence at 120.4
cm '. Futhermore, both the Ni'+ and Mn'+ low-

lying states have essentially no orbital momen-
tum, which greatly simplifies their theoretical
description.

Raman scattering was studied in a single crys-
tal of MnF2 containing 1-2% Ni using a double-
grating CQDERG monochromator and a linearly
polarized argon ion laser providing 30-100 mW

in the 4880-A line. The Raman scattered light
was detected by photon counting using a cooled
photomultiplier with "~"sensitivity. The spec-
tral slit width was energy limited to about 3
cm '. For low-temperature studies the sample
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FIG. 1. Experimental Raman spectra in 1-2% Ni-

doped MnF2 at 8'K between 150 and 200 cm ~ for dif-
ferent polarizations. The relative intensity among the
different spectra is only approximate. The lines near
165 cm are observed only in crystals containing
nickel impurities, at temperatures below 67.3'K (TN).
The weak scattering near 185 cm ~ is not understood.

was immersed in superfluid helium (T-2'K),
while higher temperatures could be maintained
using a gas-exchange cryostat. The geometrical
form of our x-ray oriented crystal permitted all
polarizations' to be studied except &«. How-

ever, to improve signal-to-noise ratio, some
spectra as shown in Fig. 1 were taken without
polarizing the scattered light.

At 2'K, in addition to the phonon and two-mag-
non scattering observed in the pure MnF„scat-
tering was observed between 160 and 170 crn

with integrated intensities for &» and &&& some
five or six times smaller than for the corre-
sponding intrinsic two-magnon scattering. A

line centered at 164.5 cm ', with an experimen-
tal half-width of 6.5 cm, is polarized princi-
pally for &~&. An &z~ line is centered at 167
cm, with a half-width of 7 cm '. The o.'z~
spectrum is similar to &~&, but significantly
less intense. Finally a very weak line is found

at 185.5 cm ', appearing only in ». Figure 1
shows (o.'z~, &z&), &+~, and o.'z& at 8 K.

As shown in Fig. 2, the relative frequency
&u(T)/e(0) of the o.s~ peak is considerably less
sensitive to temperature up to 60'K than the rela-
tive sublattice magnetization M(T)jM(0) of pure
MnF~. Between 2 and 60'K, the half-width in-
creases from 7 to about 40 cm ', and the inte-
grated intensity diminishes by a factor of 10.
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FIG. 2. Temperature dependence of the peak fre-
quency observed for nz~ relative to the position at 2'K.
The dashed curve gives the temperature dependence of
the magnetization as measured by NMR [see P. Jacca-
rino, in Magnetism, edited by G. T. Rado and M. Suhl

(Academic Press, Inc. , New York, 1965), Vol. II(A),
p. 331].

This behavior is similar to that observed for the
intrinsic two-magnon scattering, ' which corre-
sponds to the excitation of a magnon on each sub-
lattice with equal and oppositely signed wave vec-
tors. As with the nickel-doped crystals, two

scattering peaks are observed at energies slight-
ly smaller (because of a magnon-magnon interac-
tions) than the sum of the energies of the two

magnons, with the frequency of the o'~g peak
slightly larger than that for &z&. The similarity
of the intrinsic to the nickel impurity spectrum
suggests that the scattering at 164 (&z&) and 167
em ' (os') corresponds to the simultaneous ex-
citation of two impurity magnons, one localized
on the impurity ion and one on the other sublat-
tice, and with the strength of the scattering de-
rived from exchange interactions involving sec-
ond neighbors, as suggested for the intrinsic
case. '

In the paramagnetic phase, the site group of
the nickel ion is D2&, but in the ordered, antifer-
romagnetic phase this is lowered to the unitary
magnetic site group ~2g by the restrictions
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placed on the antiunitary time-reversal operator.
Since Raman scattering proceeds without a change
of parity and since we may take the ground state
to be Ag, then the excited states reached by Ra-
man scattering must also be of even parity, and
therefore must belong to either Ag or &g. Polar-
izations &zz or 0'zY will involve two magnons
having Ag as their direct product, while for &@~

or &z& the two magnons will have &g. Assuming
that one of the scattered modes is the s, (120.4-
cm ') mode observed in fluorescence' (this is
the only impurity mode residing mainly on the
impurity sublattice), which has the representa-
tion Ag, then the representations given for the
product states are also the representations for
the impurity mode on the sublattice opposite to
that of the impurity. The so mode has been shown
to be highly localized on the Ni ion. '

Although we may expect the so mode to couple
to an infinite number of even-parity impurity
modes on the other sublattice which may be con-
structed from the complete set of MnF, wave-
vector states, only those low-order modes which
have their spin deviations concentrated on the
second neighbors to the nickel ion will have ap-
preciable Raman intensity. Theoretical calcula-
tions recently reported for MnF, '~" show that
one s (called s,), three P, three d, and one f
mode can be constructed from the eight second
neighbors (these considerations neglect the first-
neighbor exchange, J„and the possible inequiva-
lence of exchange between the impurity ion and
the two classes of second neighbors). Of these,
only s, and the three d modes, d», d&&, and d&z,
have even parity. Since &, may also comprise
spin deviations on the nickel ion, its energy is
expected to be smaller than that of the d modes.
The ratio of the energy of the d to that of the &,
mode of Ni in MnF, has been estimated' by a
Green's function calculation (neglecting J,) to be
0.426. From the experimental value for &„we
then estimate a value of 51.3 cm ' for the d
mode. Thus, the 185-cm ' mode, which like si
is Ag, cannot be assigned to s„and it seems
likely that s, is not observed. The 164-cm
mode (observed in a~~, o'z&) transforms as Ag,
and we assign it to dz& while the 167-cm ' (o.'~x)
mode transforms as &g, or d~~, dy~. The split-
ting between these modes arises from the first-
neighbor exchange, which affects, again, d~y dif-
ferently from d~z, d&z. Since the dz& mode does
not depend on ~„ its energy should agree well
with the Green's function estimate. The &~@
peak frequency should equal the sum of the so and

d modes.
However, this sum, 171.7 cm ', is 7.2 cm

larger than the observed ez& scattering peak.
This is to be expected, since we have neglected
the interaction between the +, and d modes which,
like that observed in the intrinsic two-magnon
scattering, "is significant. Since a Green's func-
tion calculation of the interaction between impuri-
ty magnons is not yet available, we present a
simpler, Ising model estimate of is s0-d» scat-
tering frequency.

If i and j represent second neighbors (on oppo-
site sublattices), the interaction between two Mn
ions is —2~MnMnSqMn SjMn while the interaction
between a Ni and a Mn ion is -2~MnNiSqMn SjNi.
For 1-2% Ni in MnF2, the most probable situa-
tion for a Ni-Mn pair corresponds to the Ni ion
surrounded by eight Mn second neighbors with
the Mn ions each surrounded by an additional
seven Mn second neighbors. In the scattering
process, M~Ni changes from —1 to 0, while

5 3~~M„changes from +2 to +2.
For large molecular fields, the &, mode ener-

gy can be represented by an exchange term and
a crystal field term:

E = —404 . -D=120.4 cm
so NiMn

where ~NiMn = -3.11 cm ' and D = 4.05 cm
The d~y mode created separately from the &,
mode is

E = -354 -24 . =48 9 cm
MnMn NiMn

The energy for both modes simultaneously at the
same impurity is

E = -401 . -D-35' = 163 1 cm
so-d NiMn MnMn

Thus the interaction energy &E is

~E=E +E -E =+K . =-622 cm-'.
s, d s,—d NiMn

Note that Ed compares favorably with the
Green's function result (which includes anisotro-
py), and Es d is in excellent agreement with

0
the &z& peak at 164.5 cm . In fact, if we add to
the d-mode energy 0.8 cm ', which corrects"
for the anisotropy energy of the Mn ions, we ob-
tain 163.9 cm ', even closer to the experimental
value. This agreement may be considered evi-
dence that the d modes are mainly localized on
the second neighbors to the nickel impurity as
assumed in the above calculation. However, this
conclusion applies strictly to the d mode while
interacting with the &0 mode since the interaction
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may significantly contribute to its localization.
Further analysis of the shape and intensity of

the scattering lines and of their temperature de-
pendence must await a more sophisticated model.
At the present time the 185-cm ' scattering is
not understood.

%'e have also observed an absorption band in
the infrared for E

~~
c at 167 cm ', similar to the

&zx Raman scattering peak. Such absorption
must arise from odd-parity modes such as the
P and f modes mentioned above. In fact, the
Green's function calculations' predict that these
modes lie very close to the d modes. Details of
this work will be published in a future communi-
cation.
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The reorientation effect in Coulomb excitation with S3 ions was used to deduce the
static quadrupole moment of the first excited J ~ = 2+ state in Mg+. The value obtained
in this experiment is Q2+ =-0.26 +0.08 b.

In the last few years the reorientation effect in
Coulomb excitation was successfully used' to de-
termine the quadrupole moments of excited
states in the mass region A&100. This Letter
describes a measurement of the static quadru-
pole moment of the first excited J'~ =2+ state in
Mga . In this case, the influence of the static
quadrupole moment of the 2+ state on the multi-
ple Coulomb excitation is expected to be large.
Assuming an intrinsic quadrupole moment Q,
-O.S b for Mg24 and using 832 ions, the reorienta-
tion effect amounts to a 25% change in the excita-
tion cross section for backward angles. The
change due to the population of the 2+ state
through other low-lying excited states in Mg2~ is
smaller than 1%. The estimated correction due

to transitions via the giant dipole resonance
states' is also less than 1%. Therefore, reori-
entation measurements in light nuclei should pro-
vide reliable values of the static quadrupole mo-
ment of the first excited state.

In the present experiment, sulfur beams of 42,
48, and 55.6 MeV produced by the High Voltage
Engineering Corporation Model MP tandem Van
de Graaff accelerator of the Max-Planck-Institut
was used to bombard Mg~4 self-supporting tar-
gets of "I6, 150, 310, and 550 pg/cma thickness.
At the bombarding energies chosen, the elastic
scattering cross section was measured in this
laboratory and does not show any deviation from
the Rutherford cross section. The gamma rays
following the Coulomb excitation have been de-
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