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We present details of the theory of light scattering by one- and two-magnon excitations, and compare
predictions of the theory with our experimental results in the tetragonal antiferromagnets Mnl‘, and Fel%.
T'wo mechanisms are considered for first-order (one-magnon) light scattering: one involving a direct mag-
netic-dipole coupling and the other involving an indirect electric-dipole coupling which proceeds through a
spin-orbit interaction. Experimental results on the intensity and polarization selection rules of the first-order
scattering show that the spin-orbit mechanism is the important one. On the other hand, second-order
(two-magnon) scattering is observed to be even stronger than first-order scattering in these antiferromagnets,
implying that the process is not due to the spin-orbit mechanism taken to a higher order in perturbation
theory. A theory of second-order scattering based on an excited-state exchange interaction between opposite
sublattices is given. When coupled with group-theoretical requirements for the Dy!? crystals, the mechanism
predicts the intensity, the polarization selection rules, and the magnetic field dependence of the second-order
spectrum. Features of the second-order spectra are related quantitatively to magnons at specific points in the
Brillouin zone. Analysis of both first- and second-order magnon scattering has thus enabled determination of
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the complete magnon dispersion relation for FeF,.

I. INTRODUCTION

HE possibility of light scattering by spin waves

or magnons was considered theoretically some years
ago by Bass and Kaganov! and by Elliott and Loudon.?
These authors examined photon-magnon interactions
based on (1) a direct magnetic-dipole coupling and
(2) an indirect electric-dipole coupling via a spin-orbit
interaction, respectively. More recently Shen and
Bloembergen® have investigated further the Elliott-
Loudon mechanism. Within the past year the first
observation of light scattering by magnons was re-
ported? in the antiferromagnet I'eFe. Since then similar
observations have been reported in MnF,® and NiF,.5
In addition to the one-magnon scattering process that
had been treated theoretically, these experiments
demonstrated the existence of a relatively strong two-
magnon light scattering. Though at first glance the
relative strength for the one- and two-magnon processes
(the second order is equal to or stronger than the first
order) is difficult to explain, it was suggested* that
while the one-magnon scattering is indeed due to spin-
orbit coupling, the two-magnon scattering proceeds
through an altogether different mechanism. This
mechanism—excited-state exchange interaction—was
outlined and tested® for the two-magnon process in
antiferromagnetic MnF,, in which the magnon-disper-

L F. G. Bass and M. I. Kaganov, Zh. Eksperim. i Teor. Fiz. 37,
gggo)(ﬁ%Q) [English transl.: Soviet Phys.—JETP, 10, 986

2R. J. Elliott and R. Loudon, Phys. Letters 3, 189 (1963).

3Y. R. Shen and N. Bloembergen, Phys. Rev. 143, 372 (1966).

4 P. A. Fleury, S. P. Porto, L. E. Cheesman, and H. J. Guggen-
heim, Phys. Rev. Letters 17, 84 (1966).

8 P. A. Fleury, S. P. Porto, and R. Loudon, Phys. Rev. Letters
18, 658 (1967).

¢ P. A. Fleury, Bull. Am. Phys. Soc. 12, 420 (1967).
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sion relation had been previously measured by neutron
scattering.’

It is the purpose of this paper to present in full the
details of the theory for both one- and two-magnon
light scattering and to compare several predictions of
the theory with experimental observation. The pre-
dictions of the spin-orbit mechanism are confirmed
experimentally for the first-order (one-magnon) scatter-
ing. Also developed in Sec. II is theory for the second-
order (two-magnon) scattering. Predictions emerge
regarding the polarization selection rules (Raman
tensor symmetry), the intensity, the line shape, and
temperature and magnetic field dependence of the
scattered light.

In Sec. IIT we discuss the experimental techniques
employed in obtaining the spectra and their tempera-
ture and magnetic field dependence. We also present
the experimental results on MnF, and FeF.

Section IV applies the general theory to MnF, and
FeF; and makes numerical comparisons with experi-
ment for these materials. Since the one-magnon process
gives the Brillouin-zone-center magnon frequency and
the two-magnon process receives its strongest con-
tributions from zone-edge magnons it is tempting to
relate the features of the scattered light spectrum to
the magnon dispersion relation. This works quite well
for MnF;, where the full magnon dispersion curve has
been measured. We are also able—largely because of
the simplicity of the magnetic unit cell for these mate-
rials—to infer from the light scattering the complete
magnon dispersion curve in Fel,.

Section V concludes the paper with a brief summary
and evaluation of light scattering as a technique for

7 A. Okazaki, K. C. Turberfeld, and R. W. Stevenson, Phys.
Letters 8, 9 (1964).

514



166

studying magnetic materials in comparison with previ-
ously employed techniques.

II. GENERAL THEORY OF LIGHT SCATTERING
BY MAGNONS

In this section we cover mainly magnon scattering
of light in ferromagnets and antiferromagnets. The
theory for these two cases is very similar and the
calculations for ferromagnets apply to antiferromagnets
with only a little extra complication. The theory to be
described applies in a general way to any simple ferro-
magnet or antiferromagnet. However, the emphasis
has been determined by the experimental results
available. More detailed calculations which apply
particularly to the antiferromagnets MnF, and FeF,
will be presented after the experimental results to
facilitate comparison.

We first write down some of the standard results®
from the theory of magnons in ferro- and antiferro-
magnets which will be required later.

A. Ferromagnetic Magnons

The magnons are quantized excitations of a spin
system from its fully aligned ground state. As with any
excitation in a periodic structure, magnons may be
characterized by a wave vector k. All distinct magnons
are generated by allowing k to take on NV values evenly
spaced in the Brillouin zone. Here NV is the number of
unit cells in the crystal sample, there being one spin in
each unit cell of a simple ferromagnet.

The magnetic state of the crystal is then specified
by the number #; of magnons of wave vector k excited.
In thermal equilibrium 7y is the Bose-Einstein factor
appropriate to the magnon energy FEx. It is convenient
to define creation and destruction operators ay' and
ax for the magnons. In the usual way these operators
satisfy

o’ | me)= (m+1)12 | m+-1),

ok [ nk>= Hk"/2 [ nk—1>, (1)
and
ny= (nk | gty | ﬂk>- (2)

We consider an insulating ferromagnetic crystal
where the magnetic moments are all carried by the
spins of electrons which are localized at lattice sites.
Assuming a nearest-neighbor isotropic exchange cou-
pling of strength J and a static external field H, in
the z direction, the ferromagnetic spin Hamiltonian is

H=-2J E S:+S;—gB8H, Z S, (3)
(3,9 g

where demagnetization has been neglected, and the

8 See, for example, C. Kittell, Quantum Theory of Solids (John
Wiley & Sons, Inc., New York, 1963) ; V. Jaccarino, in Magneiism,
edited by G. Rado and H. Suhl (Academic Press Inc., New York,
1963), Vol. 2A, Chap. 5; D. C. Mattis, Theory of Magnetism
(Harper and Row, New York, 1965).

SCATTERING OF LIGHT

S15

first summation runs over pairs of nearest-neighbor
spins counting each pair only once.

In the harmonic approximation the spin operators
are related to the magnon operators by the trans-
formations

Sit=S+iSy= (25/N)2 ;ak exp(ik-1;),

Si =S —iSy=(2S/N)12 LZozkf exp(—ik-1;),

Sig=S5—N-1 g_;(akfakl exp[i(k' —Kk) -r;], (4)
where r; is the posit,ion of the spin ¢ and .S is the magni-
tude of the spin vector. These transformations diagonal-

ize the Hamiltonian (3), which apart from a constant
term becomes

H= E Eronten, (5)
*
where
Fx=Tiw=g8[ He(1—i) + Ho] (0)
and
V=21 g exp[ik- (r;—1;) ], (N

the sum being restricted to the nearest-neighbor spins
of S;, and Z being the number of such neighbors. The
exchange field Hy is given by

gBHp=2JZS. (8)
B. Antiferromagnetic Magnons

The simplest type of antiferromagnet has the spins
ordered on two sublattices labeled ¢ and 7; the spins on
sublattice () point in the positive (negative) z
direction. The largest exchange interaction occurs
between nearest-neighbor spins on the oppositely
directed sublattices, the exchange integral having its
sign opposite to that in a ferromagnet. Upon the inclu-
sion of a z-directed anisotropy field H4, the Hamil-
tonian for an antiferromagnet takes the form

H=2J Y S:iS,—g8HA[ Y. Si— 2. Si]
(1,7 7 i)
—gBHL 2 Se+2 571 (9)
i J

In the magnetic ground state the z components of the
total spins on the two sublattices are equal and opposite.
The crystal therefore has zero total spin component,
S#=0. In a simple antiferromagnet, each magnetic unit
cell contains two spins, one on each sublattice. There
are correspondingly two types of magnon for each of
the N-allowed wave vectors k (IV is still the number of
unit cells in the crystal sample). That is, there are two
branches to the magnon dispersion curve. One magnon
branch has associated with it excitations involving
a change in the total z component of spin to S*=—1,
denoted | | k), while the other magnon branch involves
excitations of S#=1 which are denoted | T k). If, as
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in the case of the rutile-structure antiferromagnets, the
sublattices (¢) and (j) are equivalent, these two
magnon branches are degenerate in the absence of
external fields. Creation and destruction operators
ap’, and, a, and ay for the two types of magnon
are defined in a way analogous to the ferromagnetic
case.

Because both magnetic sublattices participate in
both types of magnon, the transformation from spin
operators to magnon operators in an antiferromagnet
required to diagonalize Eq. (9) takes the more com-
plicated form:

Sit=(2S/N)¥2 3~ (map+oer ') exp(ik-1;),
k

Si=(25/N)12 3~ (ma i+ i) exp(—iker;),
k

Sit=(25/N)12 3 (v st may’) exp(—ik-1;),
k

Sj~= (ZS/IV) 1/2 Z (vkal_k*—l—uka tk) exp(ik-rj) . (10)

k
The .S* transformations are obvious generalizations of
(4). Each magnon excited changes the z component of
the total spin of one sublattice by 42 and of the other
sublattice by Fu. The requirement

(11)

ensures that the excitation of a single magnon changes
the spin component of the entire crystal by ==1. The
coefficients #; and v, are given more explicitly by

wi—ui=1

1= coshify,

(12)

v =sinhidy,
where
tanhfy= —v/[ 14 (H4/Hg) ], (13)

vx and Hg being given by (7) and (8). Note that 6,
and hence also v, are normally negative in the first
Brillouin zone. Figure 1 shows the variation of w2
and 2 with k for MnF, in the (100) direction, Kmax
being the zone-boundary wave vector. Notice that for
k<KKmax, magnons of both branches | Tk) and || k)
perturb both sublattices substantially. However, when
k is close to the zone boundary, v is the small and the
excitations | T k) propagate mainly on the j sublattice
while the magnons | | k) propagate mainly on the 4
sublattice. These conclusions hold for any direction of
k in MnF, but are not necessarily correct for other
crystal structures.

The transformations (10) diagonalize the Hamil-
tonian (9) which becomes, apart from a constant term,

H=}_ [EnaplantEpaptand, (14)
k
where
B = Ex+gBH,,
Etk-‘—-“Ek—g,BHo, (15)
Ly =t=gBHp[ (14 Ha/Hg)?—mE 2. (16)
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It is now obvious that the two types of magnon have
the same excitation energy in the absence of an external
magnetic field.

The theory reviewed above should apply rigorously
to insulating crystals where the magnetic ions have
ground states of zero orbital angular momentum LZ,
e.g., Mn?t, Fe*t, Eu*t, and Gd*+. However, the theory
should also apply well to crystals where the magnetic
ion is a transition-metal ion having quenched orbital
angular momentum. This is the case for example for
Fe?t in Fel,. We refer to magnetic-ion ground states
which are orbitally nondegenerate as L=0 ground
states, including in this category both genuine .S ground
states and crystalline-field quenched ground states.

For magnetic ions which do not have L=0 ground
states, the magnetic excitations are more difficult to
treat. This category of crystal includes those where the
magnetic-ion ground state is orbitally degenerate, or
where the lifting of the ground-state degeneracy by
crystal-field effects is smaller than or comparable to
the exchange energy. We do not present any detailed
theory for light scattering by these more complex
excitations, but include in Sec. IV B a brief discussion
of the symmetry characteristics of the scattering.

C. First-Order Scattering

Consider an experiment in which the incident radia-
tion has angular frequency w; and the scattered fre-
quency is we. For Stokes scattering the difference wi—w,
is equal to the frequency wo of the magnon created. By
the usual wave-vector conservation arguments for
first-order Raman scattering, the magnon has a wave

o 1
o 05 1.0

k/Kmax
F16. 1. Variation of %2 and 7,2 in MnF; as functions of % in the

(100) direction. The values at the two ends of the %/kmax scale
are the same for any direction.
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vector Kk close to the center of the Brillouin zone. Thus
from (7) v is unity and for a ferromagnet according
to (6)

ficso= gBH, (17)

while for an antiferromagnet, according to (15) and
(16),

Fisg= gﬁ[(ZHE+HA) HAJUZ:}:gﬁﬂo. (18)
For easily obtainable magnetic fields g8H, corresponds
to a frequency of order 1-5 cm™. The frequency shift
in a ferromagnet is consequently too small to be easily
detected in a conventional Raman spectrograph. On
the other hand, 7w, for an antiferromagnet even in
zero applied field can be quite large. For example, wy is
~52 cm™! in FeF,.?

The first proposal for a Raman-scattering experi-
ment using magnon excitation was made by Bass and
Kaganov.! They considered Raman scattering from a
ferromagnet using the direct magnetic-dipole inter-
action between the spin system and the electromagnetic
field. Hup=—gB8 2 H;-S;, where g, B, and S; have
their usual meanings and H; is the magnetic field of
the light wave at site . The magnetic-dipole Raman-
scattering process occurs in the second order of time-
dependent perturbation theory using Hup as the
perturbation. It depends on the fact evident from
(4) that the z component of the magnetic vector of the
radiation couples to S;* which scatters a magnon, while
the x and y components are associated with creation
or destruction of a single magnon. Thus a mechanism
for the Stokes component of the scattered radiation
is obtained using magnon creation for one interaction
with the radiation and magnon scattering for the other.

There are two contributions to the perturbation
expansion, differing in the time order of the absorption
of the w; photon and the emission of the w; photon. The
extinction coefficient, defined as the fraction of light

J=S+
MSH+1)
Jss L=t
S
J=S-1
EO
]
L=0
i §h=s-1
o, s'=s

T16. 2. Energy levels to illustrate the electric-dipole Raman mech-
anism. Eo is normally very much larger than AS and 7.

9 R. C. Ohlmann and M. Tinkham, Phys. Rev. 123, 425 (1961).

SCATTERING OF LIGHT

517

scattered per cm of path length per unit solid angle, is
found to be

_ (8'5 ) 3M amimoPwies® (’ﬂo+ 1)
2h2c*

In this expression subscripts 1 and 2 refer throughout
to quantities associated with the incident and scattered
radiation, respectively, M,=gBN.S/V is the saturation
magnetization, and #, is the Bose-Einstein factor for
the magnons of frequency wy. Apart from the tempera-
ture-dependent factor, the above result is identical
to that for Raman scattering by a density of N/V
paramagnetic spins per unit volume. kt=/h*+ih¥ and
represents a unit vector in the direction of the magnetic
field of the optical wave.

For scattering of incident light in the optical or
infrared regions of the spectrum where wi>w; and
wiRows, We obtain the simplified result

h=[(g8)*M mumo’w:® (ne+1) /282c ][ (hhy*— Inhy?)?
+ (h#ho? — b he?) 7).

For typical values of the saturation moment and
refractive indices, and assuming exciting radiation of
wavelength 5000 &, the order of magnitude of % is

h1078(ne+1) cm™t srL. (19)

The values of % observed experimentally are much
larger than this, and the polarization selection rules
observed are not those predicted by the Bass-Kaganov
mechanism.l® So we conclude it can be ignored here.

A more efficient scattering mechanism is provided
by the electric-dipole coupling of the radiation to the
crystal. Although the electric vector of the radiation
does not interact directly with electronic spins, there
is an indirect coupling due to the mixing of spin and
orbital motions. This mechanism for scattering of light
by magnons was pointed out by Elliott and Loudon!
and is best illustrated by a specific example. Consider
a ferromagnetic crystal in which the ground state of the
magnetic jon has a spin S and zero orbital angular
momentum, L=0. We suppose that the ion also has an
excited P state with L=1 and the same spin S as the
ground state. The ground state is split into 2541
components by the exchange field, and the excited state
is split into three components by the spin-orbit inter-
action (we ignore the exchange-field splitting of the
excited state). These energy levels are sketched in
Fig. 2. The energy eigenfunctions | J, J#) for the spin-

2

h1+ hzz | h2+ hlz

T
wWo—w1  wotws

h

10 A similar scattering process had been considered earlier for
magnetic-dipole couplig to individual atoms in the radio and
microwave frequency ranges by J. M. Winter, J. Phys. Radium
19, 834 (1958) and A. Javan, ¢bid. 19, 836 (1958).

1t See Ref. 2. The electric-dipole mechanism for one-magnon
scattering has since been discussed by several authors. In addition
to Ref. 3, we allude to Y. R. Shen, J. Appl. Phys. 38, 1490
(1967) ; and T. Moriya, J. Phys. Soc. Japan 23, 490 (1967). A
useful connection between the Faraday effect and the spin-Raman
effect has been noted noted by P. S. Pershan, J. Appl. Phys. 38,
1482 (1967), among others.
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orbit split excited state can be expressed as linear
combinations of the unperturbed | L7, S?) eigenfunc-
tions in the usual way.!?

The magnon is a linear combination of the excitations
of the individual ions from their S*=S to their S*=
S—1 states. So the first step in computing the magnon
Raman transition probability is to calculate the corre-
sponding transition probability for a single magnetic
ion. The Raman transition for a single ion can proceed
by a pair of allowable electric-dipole transitions via
the P excited state. Such pairs are indicated by the
vertical arrows in Fig. 2; any of the three spin-orbit
split excited states can act as the virtual intermediate
state in the double transition. In one of these transitions
a quantum of the excited radiation is absorbed and in
the other a scattered quantum is emitted. Figure 2
pictures the Stokes scattering only. The energy dif-
ference between the S?=.5 and S?=S5-—1 states is
denoted 7w, in Fig. 2, corresponding to the magnon
excitation energy.

The electric-dipole interaction between the radiation
and the electrons of the magnetic ions is given by
Hyp=—e ) ;E;-r;. The radiative electromagnetic
field in a crystal is specified by the vector potential
A; at the position r;. In second-quantized notation

Ai=c¢ E (zrh/Vwk‘r]k“’)”?Sk exp(ik-r,-) (bk+ka),
k

E;=—c1(dA;/dt), (20)
where ni is the refractive index at the frequency wy
of the radiation, k and e, are the wave and polarization
vectors of the radiation, V is the crystal volume, and
bc" and by are photon creation and destruction opera-
tors. Taking account of the three possible intermediate
states, the total matrix element for the scattering
process is

WhEZ (w1w2> 1 /2}\51/2 {61362"—"‘ 61+€22 61’€2+— €1+62z}
nm2V (Eo—Fiwn)?  (EotTics)?
X(S,0 17| P,OWP, —1 |71, 0),

M=
(21)

where 7wy has been neglected in the energy denomina-
tors and €= e*+-7e¥; ¥~=x—1y. Subscripts 1 and 2 refer
to incident and scattered field quantities, respectively.
The bra and ket notation is as follows: The capital
letter indicates the L value (S or P corresponding to
0 or 1); while the numbers indicate the value of L,.
Already evaluated and incorporated into (21) is the
matrix element (P, 0| \L—S*| P, —1). Again the spin
labels have been omitted from the states since they are
obvious. Equation (21) represents the leading term
of an expansion in powers of A/E,, where X is the excited-
state spin-orbit coupling.

The matrix element M; connects the S*=.S ground
state to the S?=S—1 state. It can therefore be written

12 E. U. Condon and G. H. Shortley, Theory of Atomic Specira
(Cambridge University Press, Cambridge, England, 1953).
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as an operator linear in S;~, using the result
S—1S, )= (25)1"2] S, S—1), (22)

where the state labels refer to spin values only. The
matrix element must now be summed over all the
magnetic ions in the crystal. The result is conveniently
written in the form of a spin-operator Hamiltonian,

HStokes— T Z (EyEqst— Eyt+ Ezz) Si, (23)
where
T'=(e&\/232)(S,0| 7| P,O){P, —117r1S,0)
XA{[1/ (Eo—Tien) ¥]—[1/ (Bo+Hhen) 2]} . (24)

In these expressions the electric field vectors E; and E,
of the exciting and scattered radiation are to be evalu-
ated at the appropriate ion site 7. The matrix elements in
(24) do not depend on the particular ion considered,
and I has accordingly been taken outside the summa-
tion in (23).

The final step is to replace the spin operators in (23)
by magnon operators. This can be done by means of
(4), and again using (20) the result is

HSStokesz [(27!')4%(26016025]\7)1/2/7]17}2V2]
X I‘(61262+—€1+622) Z ak*é (kl—kg—k) . (25)
k

The scattering is now a first-order process in the effec-
tive interaction Hamiltonian HgSt°kes and the extinction
coefficient is found by an application of the Golden
Rule to be

h= [2M3n2w1w23(110+ 1) /g5n164] F2 I élz€2+— 61+€2Z P.

It is difficult to estimate % numerically because of a
lack of knowledge of the matrix elements and energy
denominators in the expression for I'. A range of typical
values leads to the rough estimate

h~(10"° to 1075 (ne+1) cm™ sr,

(26)

(27)

assuming optical or near-infrared excitation, much
larger than the magnetic-dipole result (19).

The predicted polarization selection rules governing
the scattering appear in (26). This form shows for
example that exciting light linearly polarized along z
gives rise to scattered light which is right-circularly
polarized in the xy plane. Note particularly that the
scattering is purely anfisymmetric in the polarizations
1 and g of the incident and scattered light beams. This
contrasts with the case of phonons where the scattering
is predominantly symmetric®® in & and e, and it pro-
vides an experimental means for distinguishing magnon
scattering from phonon scattering. For example, the
magnon Raman scattering vanishes when & and e,
are parallel, regardless of the directions of the incident
and scattered wave vectors.

3R, Loudon, Proc. Roy. Soc. (London) A275, 218 (1963).
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The simple antisymmetric form of HgStokes for L=0
ground states results essentially from the fact that the
excitation of a magnon in this case does not involve any
change in the orbital states of the magnetic ions; i.e.,
the magnon is very weakly coupled to the orbital
motion. There is a strong analogy here to the Raman
scattering from phonons where the purely symmetric
form of the scattering results®® from the fact that, al-
though the coupling of the light waves to the phonons
takes place via the intermediary of the electrons, the
electronic excitations are entirely virtual, the final
electronic state being identical to the initial electronic
state. It is well known that for Raman scattering in
which an ion is excited to a different final orbital state,
the scattering is neither purely symmetric nor purely
antisymmetric.

The results analogous to (23) and (24) for the
anti-Stokes scattering can be derived straightforwardly
and lead to a spin Hamiltonian

H ganti—Stokes— __ T/ Z (E{Ez”—ErEf) S+, (28)

where I is the same as T' given by (24) except that
the energy denominators are reduced by an amount
hiwo. The difference between I' and I is small, except
under resonance conditions where fiw; is close to K.
Setting I"=T, (23) and (28) combine to give a total
spin Hamiltonian which simplifies to

Hg=—2T Y [(EpEy— E¢EY) S

+ (EEy—EEy) S&¥]. (29)
Notice that this expression is invariant under time-
reversal, since this operation reverses the signs of both
7 and S.

The results derived so far have been based on the
energy-level scheme of Fig. 2. A more realistic calcula-
tion for a magnetic ion having an S ground state (L=0)
and several excited P states leads to identical results,
except that a sum over all the P excited states must be
taken in the expression (24) for I'. A further refinement
would take into account crystal-field splittings of the
excited states.

When the lowest P excited state energy is very much
greater than 7w and 7iws, the square bracket in (21) is
approximately 27 (wi1+ws) /Eq®. This is a small quantity
and the largest contribution to I' in this case may arise
not from simple S— P virtual excitations but from some
more sophisticated type of electric-dipole transition, for
example, involving charge transfer or forced electric-
dipole vibronic transitions. The formal expression for
T' would be correspondingly modified, but the sym-
metry of the scattering represented by the spin-Hamil-
tonian (29) remains valid for an L=0 ground state. The
symmetry also remains valid for a ground state having
quenched orbital angular momentum.
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We have treated Raman scattering from a ferro-
magnet in considerable detail despite the absence of
experimental observations in ferromagnets. The reason
is that all the results are very easily generalized to the
experimentally more interesting antiferromagnetic case.

The total spin Hamiltonian for Raman scattering
from a simple antiferromagnet constructed from the
magnetic ions of Fig. 2 is

Hs=—2iT" > [(E#Ey—EfEF) (S#4+S7)
7,7

+ (EEy—EvE?) (Sy+S#) ], (30)

where T' is given by (24) and the 4(j) summation runs
only over the components of S;(S;). The Stokes-scat-
tering extinction coefficient is found to be

h= [ZM sMawwe’ ("o+ 1 ) (M0+ 'Uo) 2I‘2/ an164]

XI 61262'*'--"614“62z P‘ (31)

for the | magnon. The result for the T magnon is the

same except that the polarization factor is changed to
| erres —eres” |2

Thus for incident light linearly polarized along z the

two-magnon branches produce scattered light of op-

posite circular polarizations in the xy plane.

The discussion following (29) applies to the anti-
ferromagnetic case with a few obvious changes in
detail. The main difference from the ferromagnetic
case is the appearance in the numerator of (31) of the
additional factor (u,+w)2 Expressions for #, and v
are obtained by setting k=0, y,=1 in (12) and (13).
In zero applied magnetic field the result is

o= {[g8(Hp+Ha) +hiwn]/ 2R}, (32)
vo=—{[g8(Hp+Ha) —finn]/2hun}'?, ~ (33)

where
fiwo=gB[ (2Hg+H4) Ha ' (34)

It is seen that (#o+%)% has a maximum value of unity
when H, is much larger than Hy. However it is more
common for Hg to be larger than H,, in which case
(#0+120)2 is less than unity. When Hg is much larger
than H Ay

(o)~ (Ha/2Hg)'2. (35)

Thus as Hy is reduced to zero, both wp and % approach
zero as H 412 and antiferromagnets with smaller k=0
magnon frequencies tend to be less efficient Raman
scatterers. In FeF,, where wy is 52 cm™, (#o+20)? is
about 0.4, while in MnFy’, where wy is about 8.7 cm™,
(ue+10)? is about 0.08.

Ferrimagnets have “optical” magnon branches which
may be active in first-order scattering. The theory of
such scattering requires only a simple extension of the
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above work on scattering by ferromagnets and anti-
ferromagnets. Elliott and Loudon? have discussed the
selection rules which determine how many of the mag-
non branches in a complicated ferrimagnet are active in
first-order Raman scattering.

D. Second-Order Scattering

The second-order Raman effect involves the creation
or destruction of a pair of magnons. For the Stokes
component of the scattered light the difference in
frequency wi—w; is equal to the sum of the frequencies
w+tw’ of the two magnons created. Since the wave
vectors of the light waves are very small compared
with the Brillouin-zone (BZ) edge value of k., k and
k’ must be very nearly equal and opposite, i.e., kx
—k’. For a ferromagnet having one magnetic ion in the
unit cell, w_y is equal to wy, and the frequency require-
ment is

wlzwg—i—Zwk. (36)
Since wy ranges over a band of values, the second-
order Raman radiation is distributed over a band of
frequencies.

The distribution of scattered intensity as a function
of the frequency w, is largely determined by the number
of magnons whose frequency satisfies (36), i.e., the
magnon density of states which we denote p(w).

p(w>=$ B(—en), (37)

where k runs over all wave vectors in the Brillouin
zone. The intensity of the second-order scattering at
frequency w. reflects the value of the density of states
p at the frequency (w;—ws)/2. However, the relationship
is not generally one of strict proportionality but in-
volves a k-dependent weighting function due to the
nature of the coupling. This is illustrated in detail
below.

The first-order spin-orbit scattering mechanism
discussed in the previous subsection gives rise to a
second-order scattering when the calculation is extended
to a higher order. The analysis is readily generalized
to second-order by modifying Fig. 2 so that the down-
ward pointing arrows end on the 5*=.S—2 ground-state
level (this only works for S>3%). The matrix element
for the process can be written as a spin Hamiltonian
proportional to (.5;7)%, and analogous to magnon
operators now leads to an expression for the second-
order spectrum. However, the second-order coupling
constant is smaller than the first-order coupling con-
stant T' of (24) by a factor of magnitude \/E,. Since
the factor is squared in expressions for the scattered
intensity, the second-order result is normally several
orders of magnitude smaller than the first-order result.
We note that the second-order spin Hamiltonian for
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this process would be bilinear in the transverse com-
ponents of E; and E,.

The same conclusions about the smallness of these
two-magnon scattering intensities hold for antiferro-
magnets. However, one of the most striking features
of the original observation* of the second-order magnetic
Raman spectrum of FeF, is the fact that the second-
order spectrum is stronger than the first-order spectrum.
The same is true of MnF; and NiF,. This “anomaly”
can be accounted for by a second-order scattering
mechanism which is unrelated to the above-discussed
process, and is referred to as the exchange-scattering
mechanism.> As we shall see below, the mechanism
applies only to antiferromagnets and is inoperative for
ferromagnets where the second-order spectrum is ex-
pected to be much weaker than the first-order spectrum.

Let us discuss first the nature of the two-magnon
state which is excited as a result of the second-order
Stokes scattering in an antiferromagnet. Since there
are two magnons having any given wave vector k and
«two having wave vector —K, it is possible to form four
types of zero-wave-vector two-magnon states as follows:

S#  Parity

[2,+)=[Tk | —k) 2+
10, +)=|1k, | —k)+[lk, T-k) 0 +
10, -)=ITk, | -k)—|lk T—-k) 0 -
[=2,+)=Ilk | —k) -2+

(38)

Note that the first three states listed in (38) have no
analog for a simple ferromagnet having only one mag-
non branch. In determining the parity it has been
assumed that each magnetic ion is a center-of-inversion
symmetry /. This is true for MnF,, FeF, and many
other common antiferromagnets. The inversion prop-
erties of the magnons determined from (10) are

Ilk)=]] k),

where the invariance of spin vectors under inversion
has been used. The parities quoted in (38) now follow.

It is well known that only positive-parity states
can be active in Raman scattering. The two-magnon
state | 0, — ) is thus ruled out for the Raman effect, but
it can give rise to a direct electric-dipole absorption
process which has been recently observed.*® In an
applied magnetic field, (15) shows that |0, 4+) and
| 0, — ) do not shift in first order, whereas the energies
of | 2, +)and | —2, + ) exhibit linear shifts appropriate

14 7, W. Halley and I. Silvera, Phys. Rev. Letters 15, 654 (1965).
15 S. J. Allen, R. Loudon, and P. L. Richards, Phys. Rev. Letters

16, 463 (1966).

(39)
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to S*=-2 states. Thus the three positive-parity two-
magnon states can be distinguished experimentally by
application of a magnetic field.

Since only % of the volume of the Brillouin zone lies
within one-half the zone-boundary radius of the origin,
the majority of the magnons available for second-order
Raman scattering lie in the outer part of the zone. As
discussed after (13), such magnons propagate mainly
on one or the other of the magnetic sublattices. Thus
the two-magnon states | 2, +) and | —2, +) each pre-
dominantly involve excitation of only one of the sub-
lattices; they would be produced for example by terms
(S;iH)2and (Si7)2, respectively, in the spin Hamiltonian
for second-order electric-dipole scattering from an
antiferromagnet. On the other hand, the states | 0, 4 )
and |0, —) involve a simultaneous excitation of one
magnon on each of the sublattices and require inter-
sublattice coupling terms in .S;=S;+ for their production.
We shall see below that | 0, +) is the important state
for the second-order Raman observations made to date.

The type of spin operator required to excite the state

|0, +)is

SiSit4c.c.= Z(Sijx'-I— Sinj”) . (40)

Thus any coupling of a pair of light waves to an ex-
changelike interaction between a pair of spins on oppo-
site sublattices may be effective in producing a second-
order Raman effect from the | 0, 4 ) state. There are
basically two ways in which an exchange interaction
can be coupled to a pair of light waves, either via the
phonons or via electronic excitations.

The phonon coupling can be envisaged as a two-stage
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process with a virtual intermediate state: (1) the
exciting radiation undergoes ordinary first-order Raman
scattering with production of a virtual phonon, and
(2) the phonon modulates the exchange integral J in
the ordinary exchange interaction and decays into two
real magnons via the term (8J/97) AuS;—S;t, where
u is the vibrational normal coordinate and A# is the
change in # produced by creation or destruction of a
single phonon. The effect of this mechanism is difficult
to estimate numerically due to lack of knowledge of the
quantities 8J/du. It does not appear to be the dominant
mechanism in the measurements so far made, as will be
discussed below.

The coupling via electronic excitations (the exchange
scattering mechanism) is closely related to a mechanism
proposed by Tanabe, Moriya, and Sugano'® to account
for the electric-dipole adsorption by the state | 0, — ) in
antiferromagnets. The formal expression for the matrix
element is the same as theirs except that an extra stage
appears because fwo light waves are required in the
Raman effect. Consider two representative ions 4 and
J, one on each sublattice, and suppose that in the
ground-state ion ¢ has an electron r; with s*=% accom-
modated in an orbital ¢;, while ion 7 has an electron
1, with s°= —% in an orbital ¢;. The interactions of the
electrons with the fields and with each other are given
by the Hamiltonian

H=—¢(E+E,) « (11+13) +€*/r1e, (41)

where 72=|r1—1;]. A representative matrix element
for the Raman process accompanied by simultaneous
changes in the spin components of ions 7 and j is

M= (piseit | €Bas11 | 0iyont ) oiront | €/ra | 0ji0ut ) (0iiont | €Brti| 051004 )
Y (By+-heo—Heor) (Eu—Ticor) '

(42)

Here ¢, and ¢, are any orbitals of ions 7 and ;. In order for the electric-dipole matrix elements to be nonvanishing,
the parities of the states which they connect must be opposite. However, there are no strict parity restrictions for

the exchange matrix element.

Carrying out a sum over the electrons on ions 7 and 7 in (42) and writing

Vipr={pijest | €/112 | 0i10ut ),

the matrix element can be written as an operator:

| €Boe11 | @4 )V i (out | €Ero11| 04y )

(43)

©;
Mij={z ( 7t
'84

In addition to the matrix element written out explicitly
in (42) and (44) there are many similar matrix elements
which connect the initial state | ¢;y¢:4 ) to the final state
| @iyoit). These similar matrix elements involve a

(Ey+Tiwx—tor) (Eu—fiwr)

} S Sit. (44)

different ordering of the operators taken from (41) or
have r; replaced by r,. It is a standard exercise in third-
order perturbation theory to collect all possible terms
and we do not write out the complete result in detail.

1Y, Tanabe, T. Moriya, and S. Sugano, Phys. Rev. Letters'15, 1023 (1965).
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The general expression takes on a simple form when
only a single odd-parity excited state ¢y having energy
E, is important in the matrix elements. We assume
further that E, is much larger than 7w, and 7w, as is
experimentally the case for MnF,; and FeF,. The total
matrix element M ;; in this case reduces to

M,‘j%{&;‘?((pj l E;'n I iOo)Vij<§’>0 [Ey'ny , ‘Pi>/E02} Si—S1'+>
(45)

where V;; is some average of the various exchange
matrix elements between ions ¢ and j which appear in
the general expression.

There is no inherent restriction in (44) on the Car-
tesian components of E; and E, which can contribute
to the second-order scattering. This contrasts with the
scattering via the electric-dipole spin-orbit mechanism
discussed above, where only the x and y components of
E, and E, appear. However, for a particular crystal
lattice and a given choice of the ions 7 and 7, there will
be symmetry restrictions on the allowed components
of E; and E,. This will be illustrated presently.

The matrix element M;; and its complex conjugate
must now be summed over all pairs of ions 7 and 7 on
the opposite sublattices. Since an exchange coupling
of the ions is involved, M ;; can be expected to fall off
rapidly with increasing separation of the ions. The
appearance of a sum over pairs of ions leads to a de-
pendence of the expressions for the second-order Raman
spectrum on the geometrical details of the lattice. These
details and others of the theory for the special case of
the MnF,-type lattice will be presented in an analysis
of the experimental results, which we discuss in the
next section.

Finally, we emphasize that the exchange-scattering
mechanism discussed here (being proportional to
SiS;+) produces magnons in pairs and hence there is
no exchange-scattering mechanism for one-magnon
scattering. Therefore, there exists no ¢ priori reason
for the second-order light scattering by magnons to be
smaller than first-order scattering since the two mecha-
nisms are unrelated. We note also that the exchange
mechanism is inoperative for ferromagnets where there
is no two-magnon state corresponding to | 0, + ).

III. EXPERIMENTAL TECHNIQUES AND RESULTS

The experiments discussed here utilized an argon
ion laser as the light source. Powers of 50-100 mW of
linearly polarized light at either 4880 or 5145 A were
employed. Light scattered by 90° was focused onto the
slit of a Spex double monochrometer and analyzed. The
scattered light was then detected by an S-11 photo-
multiplier and the photocurrent dc-amplified and
recorded. No pulse-height discrimination, synchronous
detection, or photon-counting techniques were neces-
sary in these experiments. The geometry of the incident
light, single-crystal sample, and scattered light for a
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typical experiment is indicated in Fig. 3. By proper
positioning of the quartz plate (which rotates by 90°
the polarization of light passing through it), the sample,
and the polarizer one may examine the Raman tensor
element «;; of his choice. [See Eq. (48) below.]

Temperature control of the sample is achieved by a
scheme shown in Fig. 4, which employs cold flowing
He gas. A range of 6 to 80°K could be conveniently
covered with this method. Measurements discussed
below using a magnetic field required a different geom-
etry. We used a superconducting solenoid capable of
52-kOe maximum field, with the sample position as
indicated in Fig. 5. Temperature variation was not
attempted in this configuration. The sample instead re-
mained at a fixed, relatively low temperature (20-30°K)
determined by its thermal contact to the liquid He
bath of the solenoid and by the radiation heat leaks in
the system, including power absorbed from the laser
beam. However, the magnetic field geometry did not
hamper our ability to explore the polarization selection
rules governing the scattering.

The rutile antiferromagnets MnF, and FeF; become
magnetically ordered at 67.7 and 78.5°K, respectively.”?
Neutron scattering’ and infrared absorption'® experi-
ments indicate that at 0°K the zone-center magnon
frequency in MnF, is 8.7 cm™ while the zone-edge
magnon frequencies are 50 and 35 cm™ at the X and
Z points, respectively. In FeFs, infrared experiments®4
indicate 52.7 and ~77 cm™! for the zone-center and
zone-edge frequencies, respectively. The Raman-active
phonons® in MnF, have been found to be: By,= 61 cm™;
E,=247 cm™; A4,=341 cm™; and By,=476 cm™ at
room temperature. The corresponding phonon fre-
quencies!” in FeF, are 73, 257, 340, and 496 cm™. As
the temperature was lowered below the Néel tempera-
ture, additional peaks in the scattered light emerged, as
indicated by the early data displayed in Fig. 6 for the

__» |sPECTRO-
METER

X

» QUARTZ

€1, PLATE
| LLASER 0 Tﬂﬂ
== —!
Ko MIRROR

Fic. 3. Schematic of experimental geometry. The vertical
direction in the lab is labeled “Z” here, and all directions are with
respect to the crystal axes. Light emerges from the laser linearly
polarized in the Z direction. The polarization incident upon the
sample is determined by inserting or omitting the quartz plate.

17 M. B. Graifman (private communication).

18 . M. Johnson and A. H. Nethercot, Phys. Rev. 114, 705
(1959).

95 P.S. Porto, P. A. Fleury, and T. C. Damen, Phys. Rev.
154, 522 (1967).
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0. of FeF,. The signal to noise has since been improved
allowing a higher resolution study of these two lines.
(See Fig. 7.) The 52-cm™! line was identified as arising
from one-magnon scattering by (1) its polarization:
Qzzy Olzz, Qyz, Oy are the only nonzero Raman tensor
elements; (2) the temperature dependence of its fre-
quency: It varies as the modified Brillouin function
Bj_s as does the antiferromagnetic resonance frequency;
and (3) it broadens and disappears as 7" approaches
Ty from below. At the lower temperatures (as shown
in Fig. 7) the width of the one-magnon line was too
small to be measured by our slit settings.

We confirmed that the one-magnon Raman tensor
is indeed antisymmetric as predicted in (31) by the
following techniques. To avoid errors due to birefrin-
gence, the incident light was directed so that k=
(—tks/N2) + (k1 /V2) ; and Ey=— (3/V2) Ex— (k/N2) By,
where %,7, and k are unit vectors along the sample’s %, y,
and z axes, and k; and E; are the wave vector and elec-
tric field of the incident light. The scattered light was
observed such that ke=2(ks/V2) +k(ks/V2) and Ep=
—3(Ey/N2) cost +7E; sin’+k (E,/V2) cosd’, where 8’ is
the setting of the polarizer placed in front of the spec-
trometer slits. For a symmetric scattering tensor the
observed intensity should vary as % (E2Es*) sin’’ while
an antisymmetric scattering tensor produces

3 (Ef2Ey?) (14-cos®’).

By measuring the 8’ variation for various lines of the
FeF, spectrum we conclude that: The Ej, phonon and
the two-magnon peak (154 cm™) have symmetric
Raman tensors; the one-magnon line has an anti-
symmetric Raman tensor. The same is expected for
MHFQ.

The peak at 154 cm™ in FeF, was identified as scat-
tering from pairs of zone-edge magnons.* This identifica-
tion was based upon the similarity with the two-magnon
absorption peak of Halley and Silvera!* and the fact
that the peak disappears for 7> Ty. The integrated
intensity of the two-magnon scattering in FeF; is
2-3 times larger than the one-magnon scattering. Both
the a,;= o, and a,,=ay, are appreciable for the two-
magnon peak, but ogs, oy, o are all unobservably
small. The «,, and «,, peaks are nearly identical in
position and shape for FeFs, in contrast to the situation
for MnF, discussed below. Finally, the magnetic field
behavior of the one- and two-magnon lines in Fel; is
partly illustrated in Fig. 8. The one-magnon excitation
AS?=1 splits the line by ~12 cm™ when a field of
~50 kOe is applied to the sample. In contrast, the
same field produces no measurable effect on the two-
magnon line, indicating that the | 0, 4) two-magnon
state is indeed responsible for the scattering. Figure 8
serves to illustrate that our experiments are sensitive
enough to detect an effect were the | 42, 4 ) and/or the
| —2, -+ ) states responsible for the second-order scatter-
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F16. 5. Schematic of experimental geometry for magnetic field
studies. The evacuated sample chamber is 1 in. in diameter by
6in. long. The Cu insert acts as both a support for the mirrors and
the sample and as a cold finger to provide sample cooling.

ing. The magnetic field behavior also eliminates the
previously mentioned possibility that the observed
scattering might be due to a zone-edge magnon plus a
zone-edge phonon, since that excitation carries a spin
of 1.

The observations in MnF, have so far been limited
to the second-order scattering, but the details of line
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Fic. 6. Stokes scattered light for the XZ geometry at various
temperatures in FeF,. Slit widths necessitated in these early
experiments precluded any measure of linewidth or shape for both
the one- and two-magnon peaks shown here. Improvement in
signal to noise is evident in Fig. 7.
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F16. 7. The magnon spectrum at 15°K in FeF,. The effective
slit width is indicated by R. Here the true line shape of the
second-order peak is observed, but the first-order line (~50 cm™)
is still resolution-limited. The improvement in resolution of course
does not alter the ratio of integrated intensities for the first- and
second-order scatterings from that in Fig. 6.

shape and the polarization of the scattering are more
interesting than in the FeF, case. The second-order
spectrum in MnF; is of about the same intensity as in
FeF, (corresponding to an extinction coefficient of
1072-1071 cm™! sr1). Again the spectrum is unaffected
by a strong magnetic field, and the possibility that
the scattering is from one phonon plus one magnon is

FeF, ~20°K
ONE MAGNON
B=0

B =52 kG
Bllc

I | L 1 l
60 55 50 45 40 35

(cm=1)

Fic. 8. Splitting of the one-magnon line in Fel:. (a) No mag-
netic field applied. (b) ~50 kOe applied || to ¢ axis. No splitting
was observed for B || ¢ axis. And no effect could be seen on the
two-magnon peak for B L or || ¢ axis.
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eliminated. Again the sharp features of the second-order
spectrum appear only in the oy, o, and o, com-
ponents. However, as is evident from Fig. 9, the posi-
tions and line shapes for the xz and xy components are
significantly different, the latter being rather symmetric
and centered near 100 cm™!; the former being noticeably
asymmetric and cutting off near 110 cm™. As we will
see presently, this effect arises from the different
magnon frequencies for different positions on the
Brillouin-zone surface.

(a) XZ [}
[ — EXPERIMENT i

--- NEAREST
i NEIGHBOR

—— EXTENDED
I R

F1G. 9. Theoretical and experi-
mental spectra for two-magnon
scattering in MnF, at 10°K. In-
tensity of theoretical curves are
normalized to the experimental.
(a) XZ experimental geometry;
(b) XY geometry. Solid curves are
experimental; short dashed curves
are theoretical with “nearest-
neighbor coupling;”’ long dashed
curves are for “extended range
coupling.”
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We are now in a position to complete the theoretical
discussion of the last section and to specialize it to the
rutile-structure antiferromagnets.

IV. THEORY FOR MnF; AND FeF;: COMPARISON
WITH EXPERIMENT

A. Crystal Structure and Magnons

The crystal structure in the antiferromagnetic phase
for MnF,; and FeF, is illustrated in Fig. 10. We rely
extensively on the results of and notation used by
Dimmock and Wheeler® in their discussion of symmetry
properties of magnetic crystals. The space group in
the antiferromagnetic phase, where the allowed sym-
metry operations must leave invariant not only the
locations of the ions but also their magnetic moments,
18 Dop!2 or Puum.

27, 0. Dimmock and R. G. Wheeler, Phys. Rev. 127, 391
(1962).
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F16. 10. Unit cell of the magnetic fluoride or rutile structure
indicated by the dashed lines. The first, second, and third mag-
netic neighbors of the central ion are shown. The arrows represent
the orientations of the magnetic moments.

The Brillouin zone is illustrated in Fig. 11. The
symbols inserted against the symmetry points and
symmetry lines indicate the appropriate irreducible
representations by which the magnon wave functions
|Tk) and | | k) transform. The notation is that of
Dimmock and Wheeler,® and there is assumed to be
no applied external magnetic field. A single symbol in
the figure indicates that the pair of magnons is de-
generate by group theory at the corresponding sym-
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F16. 11. Brillouin zone of the magnetic fluoride structure show-
ing the symmetry characters of the magnons. The representations
at T and on the line A joined by - signs are degenerate by time-
reversal.
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Fic. 12. Magnon dispersion in
MnF, at 4.2°K in the (100) and
(001) directions as determined by
neutron scattering in Ref. 21. (Data
kindly supplied by Turberfield.)

metry point or line. A pair of symbols indicates that
there is no degeneracy, except for the points I' and A
where the two one-dimensional representations are
degenerate by time-reversal.

Okazaki, Turberfield, and Stevenson’ have deter-
mined the dependence of magnon frequency on wave
vector along the lines A and A in the Brillouin zone for
MnF;, using neutron scattering. Their results are shown
in Fig. 12. For both FeF, and MnFs, v given by (7)
is determined by a sum over the nearest antiferro-
magnetically aligned neighbors, which in this case are
the second neighbors of a given spin, the nearest neigh-
bors being on the same sublattice. From Fig. 10 the
result is seen to be

(46)

Thus vk is unity at k=0 and decreases uniformly to
become zero at all points on the surface of the Brillouin
zone. The dispersion relation (16) cited for a simple
antiferromagnet predicts wx to be independent of k
on the zone surface in contrast to the neutron scattering
results and also to our light-scattering results. The
dispersion relation may be generalized to include a
small ferromagnetic exchange coupling between each
spin and its two nearest neighbors and four third
neighbors. The result is’

Ex=tun=2S | Jy | Zo[ (14ea)2—m2 ]2,
ex=(Hu/25Z; | T2 |)+ (2Z1J1/Z5 | T2 |) sin?(%ck,)
+(ZaSs/Z: | Ty |) {sin®(3ak,) +sin?(Fak,) },

Y= cos(}ak,) cos(3ak,) cos(3ck,).

(47)

1.0

k/K max

where J; and J3 are the exchange interactions along the
(001) and (100), (010) directions, respectively, and
Js is along the (111) direction and replaces J in (16).

The FeF, magnons are expected to obey a similar
dispersion relation since crystal-field quenching pro-
duces a ground-state ion which behaves similarly to a
pure spin.

The theoretical dispersion relation predicts the mag-
nons | T k) and | | k) to be degenerate for all k in zero
applied field. This degeneracy arises? because the ex-
change Hamiltonian has greater symmetry than the
lattice. Inclusion of dipolar forces produces a small
splitting (~1 cm™) of the magnon branches at all
points in the zone except where Fig. 11 indicates a degen-
eracy. No splittings have been detected experimentally.

B. First-Order Scattering

The general features of the first-order scattering
from a simple antiferromagnet have been derived in
Sec. IT C. We now consider the application of this theory
to the case of MnFs-structure antiferromagnets. It is
well known? that the symmetry of a crystal lattice
imposes certain requirements on the symmetry of the
light scattering by excitations in the crystal. We here
evaluate these symmetry restrictions and relate the
results to the more explicit calculations of Sec. IT C.

The Dy!? space group of MnF, in the antiferro-
magnetic phase increases to Dy in the paramagnetic

2'W. Brinkman and R. J. Elliott, J. Appl. Phys. 37, 1457

(1966) ; and Proc. Roy. Soc. (London) A294, 343 (1966).
2 R. Loudon, Advan. Phys. 13, 423 (1964) ; 14, 621 (E) (1965).
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phase above the Néel temperature® where the spin
orientations can be ignored and all Mn sites can be
treated as equivalent. Below the Néel temperature
the space-group operations which occur in Dg!* but
not in Dy!? have the effect of reversing all the spin
orientations and are therefore not allowed. They be-
come allowed, however, if they are combined with the
operation of time reversal which reinverts the spins
to these original directions. Such space-group operations
which include time reversal are said to be antiunitary.
The operations contained in Dy!? do not contain time
reversal and are known as the unitary operations.
Physical properties of the antiferromagnetic crystal
must be invariant under all the space-group operations,
both unitary and antiunitary.

It is customary to display the results of a calculation
of scattering symmetries in the form of matrices oy,
defined so that the extinction coefficient is given by

h=A| ), eae (48)

P0=2,Y,2
where A is independent of polarization directions. The
determination of the matrices o, is a standard group-
theoretical exercise, and these matrices have been
tabulated for all the nonmagnetic crystal structures.”

The o matrices for antiferromagnetic MnF, are
calculated by exactly the same method as for a non-
magnetic space group, using both the unitary and anti-
unitary operations of the antiferromagnetic state. There
are four types of Raman-active zero-wave-vector
excitation having symmetries labeled Tyt, I'.t, Tt
and I'st by Dimmock and Wheeler. The four representa-
tions are nondegenerate, but I'st and 'yt are degenerate
with each other due to time reversal.® As shown in
Fig. 11 the magnons in MnF, and FeF, have symmetry
T34 T'st at k=0, and we are not interested here in
the Tyt and Tyt types of excitation. However, such
excitations occur in CoF, in a frequency region which
makes their detection by light scattering experiments
feasible.”

Table I lists the scattering matrices for all four
types of excitation. For the degenerate pair Tyt Tt
the matrices have been chosen so as to refer to the
zero-wave-vector magnons | | 0) and | T 0). The restric-
tions imposed by symmetry involve relations between

TasLE I. Raman matrices for antiferromagnetic MnFos.

a 0 0Jf0 0 yJf0 0 570 0 -5
0 a* 0{+* 0 0lJ0 0 a*[lO 0 45
0 0 gllo o olle i 0 JL—e i 0
| 10) | 10)
nt It - Tyt+4-Tyt

# R. A, Cowley, P. Martel, and R. W. H. Stevenson, Phys. Rev.
Letters 18, 162 (1967).
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Tasre II. Symmetry of the two-magnon state | 0, ) given by
(38) for k corresponding to Brillouin-zone symmetry points.

r X M VA R A

nt 0 Tyt 0 3t or Iyt 0

complex conjugates of elements of the matrices. This
is due to the occurrence of the antiunitary symmetry
operations, since time-reversal includes the operation
of complex conjugation.

Comparing the I'st4-TsF matrices with the results
of the calculation of Sec. IT C, it is seen that to obtain
agreement between the symmetries of (31) and (48)
the additional restrictions —e=4 and Ime=Imé=0
must be imposed on the matrix elements. It is not
difficult to see why the calculations leading to (30)
and (31) produce a result which is less general than
the symmetry of the lattice would allow. In the first
place the magnetic ions were assumed to have S-type
ground states appropriate to Mn?* and the orbitally
quenched ground state of Fe*. As discussed after (27)
relaxation of this condition leads to a scattering matrix
which is not purely antisymmetric in the components
of E; and E,. Such lack of antisymmetry may be ob-
servable in CoFs, where the ground-state orbital mo-
mentum is not quenched, but for FeF; the antisymmetry
condition —e=8 is well satisfied experimentally (see
Sec. III).

The second lack of generality in (31) is due to treat-
ing the ions on the two sublattices as having identical
wave functions and energy levels. It is seen in Fig. 10
that the symmetries of the fluorine configurations about
the two types of site differ by a 90° rotation. This
leads to differences in the orthorhombic crystal-field
components of the ionic wave functions and ultimately
to imaginary components in the matrix elements e and
8. For Mn?*, which has a true S ground state, the or-
thorhombic splittings of the odd-parity excited states
are very small compared to the excitation energy of
these states and it is a good approximation to treat
the two types of ionic state as equivalent. The same
approximation may be valid in Fe**, although Moriya®*
has argued that the lack of equivalence between the
two sites in FeF., may lead to significant imaginary
components in e and 8. Such components lead to an
extinction coefficient similar to (31) but having (#o+)?
replaced by (u#o—u)2. This produces a small change in
the magnitude of % for FeF.. The observed value of
& for FeF, given in Sec. III in fact lies slightly below
the lower end of the predicted range given by (27) with
the additional antiferromagnetic factor included.

As mentioned above, the magnon frequency and its
temperature dependence agree with previous results
of antiferromagnetic resonance experiments. The split-

%#T, Moriya (private communication); J. Appl. Phys. 39,
1042 (1968).
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ting of the first-order line in a magnetic field is 48H,,
in agreement with (18) for g=2.

C. Second-Order Scattering

We have already presented experimental evidence
that the second-order scattering in both MnF, and FeF,
is due to the | 0, 4+ ) two-magnon states. We now use
this fact to derive additional predictions for the Day;!?
materials. The density-of-states curve for the magnons
has sharp critical-point discontinuities of slope at the
magnon frequencies for the symmetry points T', X, M,
Z, R, and A in the Brillouin zone (see Ref. 15 for a
calculation of the magnon density of states in MnFs).
The slope discontinuity corresponding to a particular
symmetry point should also appear as a feature in the
second-order Raman spectrum provided that the scat-
tering is an allowed process for the | 0, + ) pair of mag-
nons at the given symmetry point.

Table II shows the symmetry of | 0, +) correspond-
ing to the symmetry points. A zero entry indicates that
l'0, 4 ) vanishes at the corresponding symmetry point.
For point R, the state | 0, + ) has a symmetry which is
different for the two examples of this type of point
which occur in the Brillouin zone (see Fig. 11). Com-
paring Tables I and II, it is seen that the critical point
I" contributes to the second-order scattering for polari-
zation components xx, yy, and 2z (here xx is shorthand
for Ey®Ey®, etc.); M contributes for xy and yx; and R
contributes for xz, 2%, yz, and 2y.

To obtain more information on the second-order
spectrum and its relation to the symmetry of the
magnons in the Brillouin zone we set up a spin Hamil-
tonian for the two-magnon process.

We must sum the matrix element M,; given by (44)
or (45) over all pairs of ions ¢ and j on the opposite
sublattices, taking account of the requirements im-
posed by the symmetry of the Dy!? lattice. Since the
matrix element includes an exchange integral between
the pair of ions, M,; will diminish with increasing
separation of the ions. As a first approximation we
restrict the summation to nearest neighbors on opposite
sublattices. The simplest procedure is to determine the
most general form of spin Hamiltonian which is propor-
tional to a component of E;, a component of E,, and
to the spin combinations S;tS;~ and SiS;t. Crystal
symmetry requires the resulting Hamiltonian Hg to
be invariant under all the operations of the antiferro-
magnetic space group, i.e., Hs must transform like T'y+.

As shown by (40) the operator S#S7+ S#Sj¥ is the
type required to excite the two-magnon state | 0, + ).
This spin function transforms like I'it in the anti-
ferromagnetic group. In forming the spin Hamiltonian
the relative phases of the contributions of the eight
neighbors ¢ of a given spin ¢ can be adjusted by intro-
ducing a vector ¢ defined by
(49)

oif=sign(t;—1;) 4, a=z, v, 3
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where r;—r; is the vector connecting ions ¢ and j. Thus
the o, are equal to either +1 or —1 and merely deter-
mine the relative signs of terms in the 7, j summation.

To form Hg we multiply the spin operator by those
combinations of Ey, Es, and ¢% which belong to I'i*. This
ensures that Hg transforms like I'yt. The required
combinations are

Ey:Ey H
(B Ep+ EVES) 050,

(EEs+EYEY);

(EEs+ EvEf) 0%+ (B Ey+ EvE) 0,0, %,
and

'(Elef'— Elezx) O'Zija'zij"{- (ElyE2z__ Elezz’) o‘g,ijozij. (SO)
From these considerations then the required spin
Hamiltonian is

Hs= ), {A(E¢Es+ EvEY)+ BEs Ly
(%,9)

+C(EFEd+ EVESR) 0440, "4 D[ ( E{Ey*~- Ex*Ed?) 0,95 ¥
+ (Ele22+ Elezr) (Txij(fz ”]+ F[ (EIyEZZ_ El zE2z/) U'yijgzij
— (BEyEy— EyE¢) 0.9, 1} (§#S#+SaS¥) . (51)

In this expression 4, B, C, D, and F are coupling con-
stants determined by (44) with the electric fields and
spin operators removed and appropriate components
of 1; and r; substituted. Since experiment (see Sec. IIT)
shows the second-order scattering to be symmetric we
conclude that F is negligible for MnF; and IeF; even
though the presence of this term is allowed by sym-
metry. There is a close analogy between (51) and the
spin Hamiltonian which controls the two-magnon
electric-dipole absorption process.?®

The summations over spin operators in (51) can be
replaced by summations over magnon operators by
use of (10). We consider as an example the part of the
spin Hamiltonian in the product of the x and y com-
ponents of the fields. The xy Stokes-scattering extinc-
tion coefficient per unit frequency interval of scattered
radiation is

h’”(wz) = (6482 7)26010)2802/ V7]164) ( 61x62”+ €1y€2z) 2
X 22 (mc1)2(wd+0d)? sin?(Jak) sin®(jak,)
k

X cos?(ick,) 8 (w1—we—2wi). (52)

Other polarizations give quite similar expressions
but with different trigonometric terms. These trigono-
metric factors provide the weightings of the magnon
density of states which emphasize particular regions in
the Brillouin zone and thus determine the shape of the
second-order spectrum. In Table III we list the bilinear
electric field components, their corresponding trigono-
metric factors, and the critical points they emphasize.
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Note: that the latter agree with the results derived
earlier in the present subsection.

The spectra calculated using (52) for %% and a
similar expression for 4% are compared to the experi-
mental results for MnF; in Fig. 9. The anisotropy field
and first-, second-, and third-neighbor exchange con-
stants used here are H,=1.05°K, J1=0.35°K, J,=
—1.735°K, and J3;=-—0.025°K and are consistent
with the neutron scattering data of Okazaki ef al.7
Even for this “nearest-neighbor’” approximation (in-
dicated by the short dashed curves) the gross features
of the spectra—position and symmetric versus asym-
metric shape—are correctly predicted. The xz spectrum
lies at approximately 2wr while the xy lies at 2ws. The
theoretical spectrum for the xx, yy, and 2z polarizations
is broad, flat, and featureless in agreement with the
lack of any detectable scattering for these polarizations.

Agreement with experiment is greatly improved by
lifting the restriction on the sum over M;; to nearest
neighbors and assuming a more realistic falloff to
include more distant neighbors. The long dashed curves
in Fig. 9 result from assuming an exponential falloff
exp[ (—| r;—1: 1) /re] with 7o=0.4a, and a is the lattice
constant. The same procedure was followed with success
in the case of two-magnon electric-dipole absorption in
MnF,.15

In view of the success of the excited-state exchange
mechanism in explaining the MnF; results, it is un-
likely that the phonon modulation of the ground-state
exchange matrix elements, which was mentioned above
as a possible scattering mechanism, is of any importance
here. Since the phonon-modulation theory relies on
the ordinary ground-state exchange integrals, the
range of the scattering interaction would be expected
to be the same as the range of the exchange integrals
themselves. The longer range of interaction required to
explain the experiments can be accounted for in the
excited-state exchange theory in terms of the odd-parity
excited-state wave functions being more extended in
space than the ground-state wave functions which
determine the ordinary exchange integrals.

It is evident from the form of the dispersion relation
(47) that the anisotropy of the magnon energy of the
Brillouin-zone surface is due to J; and J3. That J; is
appreciable for MnF: is seen from the difference in
peak frequencies of the xy and xz spectra. The high-
frequency cutoff in the xz spectrum should give the
highest magnon frequency in the Brillouin zone. The

Tasre III. Electric-field polarizations with corresponding weight-
ing factors and emphasized critical points.

EfEg; EVEY; Ey*Ex*  « cos(}aks) cos(3aky) cos(3ck.)---T
EfEy; EVEy
EfEy; EvE#
EYEy; EfEsY

o« +sin(iak,) sin(3aky) cos(fck,) M
o+ osin(3aks) cos(3aky) sin(dck;) <R
R

oo scos(}aks) sin(3aky) sin(3ck,) -«
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second-order spectrum thus contains a good deal of
information about magnons at extremal regions of the
Brillouin zone. Indeed, were the zone-center magnon
frequency available from first-order scattering in
MnF,, this together with the above analysis of the
second-order spectrum and (47) would provide a rather
complete picture of the entire magnon dispersion
relation.

In fact we may follow just such a procedure in FeF,.
From the first-order scattering we know the I'-point
magnon frequency to be 53 cm™L. From the second-order
scattering we know the zone-edge frequency to be
154 cm™. The fact that the second-order xz and wxy
spectra for FeF; are at the same frequency implies that
J1 and Js are negligible in this material. The magnon
dispersion relation in FeF; can be adequately described
by (47) with the values H,=29.9°K, J,=—2.52°K,
J3=J1~0; all determined from the light-scattering
experiments.

The single remaining experimental quantity to be
compared with theory is the ratio of integrated in-
tensities for the first-order scattering (spin-orbit mecha-
nism) and the second-order scattering (exchange
mechanism).

The main features in the second-order spectra are
caused by magnons close to the zone boundary for
which 1 and %~20. Assuming also a sufficiently
low temperature that s can be neglected, (52) can
be integrated to give the total scattering:

o= [ () de

= (8S M now1009C?/gBmc?) (efe+ever®).  (53)
It is interesting to compare this with the result (31)
for first-order scattering. Denoting the order of the
scattering by subscripts on 4,
(ho/ ) >[4SC?/ (o+,)2T'2], (54)
assuming that the polarization factors are both unity.
To get a rough estimate for the size of this ratio
we use the approximations (24) and (45) for I' and
C, respectively, assuming the r matrix elements to be

equal and taking the limit Ey>>%w; and fiws. This leads
to the very rough estimate

(ho/ ) [4S/ (uo+) 2] (32V2E2/NHi%i?) . (55)
For MnF,, taking Ey=x¢57iw;, and ARX1000 cm™! (we are
indebted to A. Kiel for this estimate), the above ratio
is about V2/10, where V is in cm™. A similar estimate
for FeF, gives V2/60. The experimental ratio for the
latter crystal is about 2-3, suggesting VA210 cm™,
which is the same value as found by Tanabe ef al.,!
for the somewhat similar exchange matrix element
which controls the two-magnon absorption in FeF,. If
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V is the same for MnF; then (55) predicts the intensity
of the first-order line to be only ¢ that of the second-

order peak.
V. CONCLUSION

To the methods for studying spin waves—neutron
scattering, infrared absorption, optical sideband ab-
sorption—has been added another: inelastic light
scattering. In the above paper we have presented the
theory for both one- and two-magnon light scattering
and have explained our experimental results in MnF,
and FeF, It was shown that details of the magnon
dispersion relation could be extracted from the spectra
of scattered light. We should note that for the Dg!?
materials the selection rules for two-magnon scattering,
two-magnon absorption, and optical-magnon sidebands
are all different—so the experimental methods are
complementary. We should also note that the ability
to study magnons at the zone center and the zone edge
in the same experiment is best suited to light scattering.
In at least one case—NiFy—studies of zone-edge
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magnons by two-magnon absorption are not possible
due to a strong infrared-active phonon (E,) at ~225
cm™L. However, since this phonon is not Raman active,
it has not interfered with the study of the zone-edge
magnon by second-order light scattering.®

All of the magnetic materials thus far examined by
light scattering have quite simple magnon branches.
But as techniques improve and experience grows it is
quite likely that the use of light scattering will become
much more important in the study of magnetic materials.
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A microscopic theory of the effect of spin-lattice interaction on the ground-state and spin-wave excitations
in UO, is presented. Three parameters required by a Jahn-Teller description of the local spin-lattice inter-
actions and an exchange constant are introduced as basic variables to describe the system at 7’=0°K. The
spin-lattice ground state reveals a competition between the Jahn-Teller forces and the exchange energy
that results in a reduction of the magnitude of the spin. It is also shown that the indirect quadrupole-
quadrupole interaction caused by the virtual exchange of an optical phonon is as large as the exchange
coupling (~30°K), and significantly modifies the spin-wave energies and wave functions. Values for the
interaction parameters are obtained by fitting the theory to the excitation spectra and to wave functions
deduced from far-infrared absorption spectroscopy and from the inelastic scattering of neutrons. The theory
is consistent with the upper limits placed on the lattice distortion and with the anomolous behavior of the

elastic constant Cy.

I. INTRODUCTION

HE ground-state degeneracy of a concentrated
system of magnetic ions at 7’=0°K is usually lifted

by the exchange interaction. However, if the single-ion
ground state is orbitally degenerate and possesses an
even number of electrons, interesting alternatives to
the exchange splitting may occur. These usually mani-
fest themselves as electrostatic quadrupole-quadrupole
interactions or cooperative Jahn-Teller distortions. The
electrostatic interactions appear to be comparable with
the exchange interaction in the rare-earth! and probably
1R. J. Birgeneau, M. T. Hutchings, and R. N. Rogers, Phys.
Rev. Letters 16, 584 (1966) ; R. Finkelstein and A. Mencher, J.

Chem. Phys. 21, 472 (1952) ; B. Bleaney, Proc. Phys. Soc. (Lon-
don) 77, 113 (1961); J. M. Baker and A. F. Mau, Can. J. Phys.

45,403 (1967).

the actinide-series insulators. Uranium dioxide appears
to be a particularly striking example of this situation.
The ground-state degeneracy is largely due to the
unquenched orbital motion of the two 5f electrons and
there is evidence that the interaction between the spin
and the lattice is as strong as the exchange interaction
between pairs.2?

In the present paper a microscopic theory of the
ground electronic state and elementary electronic exci-
tations (spin waves) is described. The basic interaction
between the local spin and the distortion of the nearby
lattice is parametrized by a set of constants prescribed

?G. Dolling and R. A. Cowley, Phys. Rev. Letters 16, 683

(1966).
80. G. Brandt and C. T. Walker, Phys. Rev. Letters 18, 11

(1967).



