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Resonant Raman scattering in MnF& around the magnon sidebands selects a particular
set of two-magnon modes to be resonantly enhanced. Consequently, the two-magnon line
shifts with the laser frequency and two two-magnon lines can show up simultaneously. A

simple theory is used to interpret the experimental results.

Besonant Baman scattering (BBS) in solids has
recently received much attention. ' We report
here the first investigation on RRS in a magnet-
ically ordered crystal, e.g. , MnF, in the anti-
ferromagnetic phase. Because of space limita-
tion, we shall discuss only BRS by two magnons
in MnF, in some detail.

The magnon spectrum of the antiferromagnetic
MnF, is well known. ' The optical properties of
MnF, have also been well studied, especially
those involving magnons. ' ' There is a set of
sharp absorption lines around 18450 cm ' (see
Fig. 1) arising from transitions within the 'A, ('s)

'T, g( G) manifold. ' Lines e, and e, are due to
creation of E, and E, excitons, respectively, via
direct magnetic-dipole transitions while lines o„
n» and o, are the corresponding magnon side-
bands. In the luminescence spectrum, ' direct
and magnon-assisted recombinations of the Ey
excitons give rise to the e» and o» (n») lumi-
nescence lines, respectively.

The Baman spectrum of MnF, has also been
thoroughly studied. '"' It consists of four phonon
modes and one two-magnon line. No one-magnon
line has yet been observed. We are interested
in the changes of the Haman and luminescence
spectra when the excitation scans through the ab-
sorption lines in Fig. 1.
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Theoretically, the peak position and the cross
section of the two-magnon line for excitation near
(7y w y, and o, lines can be obtained following, for
example, Loudon's derivation. +"' The spin Ham-
iltonian is of the form (unless specified, we use
the notations of Bef. 6)

II, = g gC, ,~Z, E,'S,.-S,.',
(5, J') ass

where

k ~ 0.87r/

FIG. 1. Absorption spectrum of MnF& at 1.6 K be-
tween 18400 and 18 500 cm '. The solid and the dashed
curves are for polarizations perpendicular and parallel
to the & axis, respectively. The inset is a sketch of
the relevant energy levels.
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In the above equations, (g; ~
is the ground state of the ith Mn ion, (p~ and (vj are the allowed excited

states with energies E„and E„respectively, and (e~ is either the E, or the E, excitonic state with its
energy denoted by Nco~. The magnon frequency is ~ . The quantities E,~ and E,B represent the n com-
ponent of the exciting field and the P component of the scattered field, respectively, and V and V,„are,
respectively, the direct and exchange terms of the Coulomb interaction. From Eq. (1) we find for the
two-magnon Raman cross section

d(o, ~g s (u, -(u (R) -(u (k)+ il', « l(u, -(o, —2(u„(k)+ il"I' ' (2)

where a~ and b„8 are constant coefficients if we assume the matrix elements in Eq. (1) are constant
and f«(k) is a function of k. Since the b« term is obtained from higher-order perturbation than the e«
term, the former should be negligible in comparison with the latter unless the excitation frequency is
close to one of the magnon sidebands, i.e. , ~, -~s+v (k). Near such s, resonance, if we use the ap-
proximation 1x + il'1 '= m5(x)/I', we can write

do«/d(da= (dG«/d(d~)» + (d0«/d(08')g,

with

(do«/du, )» = (w I a« l'/I"')Qg f«(k) 6(v, —v, —2&v (k)),

(do«/d(u, )~ = (~'I b«1'/I'I")Qyf«(k) 5((u, —(u~(k) —(g (k))5(co, -(o, —2(o (k)) .

(Sa)

(Sb)

The total two-magnon Raman cross section is
then given by

~« = (o«)»+ (o«)s,
where (o«)„~[do«((o, —(o, = 2(o, —&(u~)//d(u, )N~.
Equation (Sb) shows that at resonance, if (dv«/
d~, )~ &(da &/dred, )», the peak position of the two-
magnon line is determined by

N~ —(d~ = 2(0~(k) = 207& —2CO@(k).

The above results are easy to understand phys-
ically since the resonant part can be considered
as due to a magnon-assisted absorption immedi-
ately followed by a magnon-assisted emission.

A continuous-wave dye laser with a linewidth
of 0.2 cm ' was used as the excitation source
and the sample was immersed in superfluid He at
1.6'K. The luminescence spectrum was essential-
ly identical to those reported in the literature but
with fewer impurity lines, none in the range be-
tween 18 340 and 18440 cm ', except the one (de-
noted by I in Fig. 2) overlapping with the o» line. '

Our results on resonance fluorescence and RRS
by phonons in MnF, will be reported elsewhere.
Here, we discuss only RRS by two magnons. We
found that the two-magnon line showed a reso-
nance enhancement at the magnon sidebands but
not at the e, and e, exciton lines, just as we ex-
pected. Figure 2 shows a set of two-magnon Ra-
man spectra at several different excitation fre-
quencies around 0, and cr, . Et is seen that the two-
magnon line (denoted by M) varies in frequency
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FIG. 2. Two-magnon Haman spectra (denoted by M)
at several different excitation frequencies &,. Peaks I
and o&z correspond to impurity and magnon-assisted
luminescence lines, respectively.

with ar, . Deep in resonance, the line is consider-
ably sharper (limited by instrument resolution in
Fig. 2). When m, falls in the region where o, and
o, overlap, two two-magnon lines show up, due
to simultaneous resonances in cr, and 0, with two
different sets of magnon modes involved. We
have plotted the Raman peak shift of the two-mag-
non line as a function of ~, in Fig. 3(a), and the
corresponding Haman cross section o„, (correct-
ed for absorption) versus co, in Fig. 3(b). The
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FIG. 4. (a) Two-magnon Raman shift and (b) two-
magnon Raman cross section as functions of the exci-
tation frequency &. The exciting and the scattering
radiations are polarized along z and 9, respectively

& e and Z t~ e).

FIG. 3. (a) Two-magnon Raman shift and (b) two-
magnon Raman cross section as functions of the exci-
tation frequency w& . The exciting and the scattering
radiations are polarized along y and x, respectively
g, (~8).

band of E, but of a lower-energy excitonic state.
However, no such state has been found in absorp-
tion. Similar difficulty exists in the interpreta-
tion of the m, absorption band. ' Sell, Greene,
and White' have found that the observed n, peak
is shifted by about —9 cm"' from the predicted
position. The above discrepancies about a, and

could also be due to exciton- magnon interac-
tion. ' Both exciton-magnon and magnon-magnon
interactions were neglected in deriving Eq. (5).

The rest of the data in Figs. 3(a) and 4(a) can
be interpreted qualitatively as follows. On the
low-energy side of a magnon sideband, when

(do~8/d&u, )„z becomes more and more dominant
over (do~/dry, )z, the two-magnon line gradually
changes into its off-resonance line shape and the
Raman peak shift moves towards the off-reso-
nance value. On the high-energy side close to
the peak of a magnon sideband, the resonance en-
hancement of those two-magnon modes near the
zone edge still dominates [consider Eq. (2) with
finite damping constantsj, leaving the peak posi-
tion of the two-magnon line more or less un-
changed.

We have also found that Eq. (4) describes the
observed two-magnon resonance Raman enhance-
ment near magnon sidebands quite well. In Figs.
3(b) and 4(b), the theoretical curves are obtained
from Eq. (4) using the experimental line shape of
(dv~/dw, )„z and with (cr~)z normalized to its
peak value. The discrepancy between theory and
experiment is probably a result of the 5-function
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same results for o„, are given in Fig. 4.
The results of Figs. 3 and 4 agree well with our

earlier description. When (do'~/d&o, )„&(do'~/
dco,)», the Raman shift should obey Eq. (5). We
find that we can indeed fit that portion of the data
by Eq. (5) assuming vs(k) is independent of k.
This is shown by the straight lines in Figs. 3(a)
and 4(a). The values of constant co~ deduced from
the fit, for RRS near o„cr„and m, peaks, re-
spectively, are mz(o, ) =18420.7 cm ', u&~(o, )
= 18429.5 cm ', and ruz(m, ) =18405 cm '. If v, (w, )
and cr, are indeed magnon sidebands of e, and e,
and if the assumption of dispersionless co~(k) is
correct, then +~(0,) and &o~(w, ) should be equal
to the frequency of the e, absorption peak and

co+(o,) to the frequency of the e, peak. The ob-
served e, and e, lines are at co, =18419.5 cm"'

8y
and &, =18436.5 cm '.

. The agreement between
co~(v, ) and ar, is within the experimental uncer-
tainty, supporting the previous suggestion that
the dispersion of the E, exciton is less than 0.5
cm"'. ' There is a discrepancy of 7 cm ' be-
tween cds(o, ) and c0, This in. dicates that the E,
exciton has a negative dispersion of 7 cm ' from
the zone center to the zone edge, in agreement
with the 6.2 cm"' estimate of Sell, Greene, and
White. ' The fact that the data can still be fitted
with a straight line suggests a negligible disper-
sion of E, near the zone edge. There is a big
discrepancy of 14.5 cm ' between vs(m, ) and cd, .
Since we know E, is nearly dispersionless, this
makes us suspect that w, is not a magnon side-
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approximation in the theoretical derivation.
In summary, we have observed two-magnon

RRS in Mnp, around the magnon sidebands. The
mechanism for the two-magnon RRS is different
from that for the nonresonant case. With a given
excitation frequency +„ it selects a particular
set of two-magnon modes to be most strongly
resonantly enhanced. Consequently, because of
the presence of magnon dispersion, the two-mag-
non line shifts in frequency as v, varies, and
two two-magnon lines show up when simultaneous
resonance with two magnon sidebands occurs.
The resonance enhancement agrees quite well
with a simple theoretical description.

We are indebted to Professor Y. Petroff for his
technical help. This work was supported by the
U. S. Energy Research and Development Admin-
istration.
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This paper reports the lattice constant at room temperature and the susceptibility,
specific heat, electrical resistivity, and absolute Seebeck coefficient of compounds
UNi5, Cu„(0-x- 5) as a function of temperature. It is suggested that the drastic change
in the properties of these compounds when x, increasing from 0, comes into the range
of 4 to 5 is caused by a change of the uranium ions from a U4+ to a mixed U +-U + state.

It is already known from susceptibility (y) mea-
surements, ' in the temperature range of 4 to 900
K, and from neutron diffraction data' that UCu,
is an antiferromagnet with a Neel temperature
(TN) of 15 K. It is concluded in Ref. 1 from the
approximate Curie-Weiss behavior of X at tem-
peratures above 400 K that the effective moment
(p«, ) per uranium equals 3.6p, ~, and that the ura-
nium ions are in the U" (5f ') state. A different
conclusion is reached by Brodsky and Bridger, '
where the data bear upon the susceptibility and
resistivity (p) of UNi, and UCu, (2 to 300 K),
namely that y in UCu, at T &T N follows a modified
Curie-Weiss law with p, ff = 2.3p. ~, corresponding
to the U" (5f') state. For UNi„a similar anal-
ysis led to P,qf = 0.15', Not much different re-
sults were obtained on samples either as cast or
annealed at 1210 K for 5 days. On the other hand,
annealing was reported to have a large influence
on p-T data obtained on UCu, .

In this paper it is suggested that in UCu, the
uranium ions are neither tetravalent nor divalent
but mixed tetravalent and trivalent. Indications
of a mixed-valency state are derived not only
from the lattice constant a of cubic (AuBe, type)
pseudobinary compounds UNi, ,Cu„(0 ~ x ~ 5) but
also from the specific heat C~, p, and Seebeck
coefficient S. Another indication is the hypersen-
sitivity of p of UCu, to deviations from stoichiom-
etry and annealing. The choice of the valency
states U ' and U" is based on X data. The sam-
ples investigated, unless stated otherwise, were
as cast. They were checked by x-ray analysis
to be single phase.

The variation with x of the lattice constant is
shown in the inset of Fig. 1. It is seen that for
values of x up to 3 the increase of a proceeds lin-
early, while there is an additional increase of a
for x & 3. The increase of the unit-cell volume
when going from UNi, to UCu, amounts to 11.2/o.
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