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tion direction of the incident light and magnetiza-
tion direction, respectively, with the local tri-
gonal axis of the site j, and assuming that the an-
isotropy energy for an Fe'+ ion can be expressed
as

e. = W cos'P. ,

then the torque (that is, the derivative of the an-
isotropy energy) is given by

L =A., sin2y+8, cos2cp+ higher terms,

where q is the angle between the magnetization
and the [100] direction during the torque mea-
surement, and

2'
A, = (b sin2&+ c sin24),

WNB = (b+c bcos29—-c cos24')
18C

where 0, 4 are angles between the polarization
direction and the applied field during irradiation.

Thus, if we keep the polarization direction 0

fixed, then A, will be proportional to sin24,
while B, is proportional to cos24. This is con-
firmed by the results in Fig. 2.

Further experimental results not indicated in
the graph showed a slight dependence of the pho-
tornagnetic effect on the direction of the applied
field during cooling to 4.2'K. This would indicate
that some thermally induced anisotropy remains
in the crystal even after prolonged irradiation.

~R. W. Teale and D. W. Temple, Phys. Rev. Letters
19, 904 (1967).

U. Enz and H. van der Heide, Solid State Commun.
6, 347 (1968).

3R. F. Pearson, Proc. Phys. Soc. (London) 74, 505
(1969).

48,. P. Hunt, J. Appl. Phys. 38, 2826 (1967).
5A. Broese van Groenou, J. L. Page, and R. F. Pear-

son, J. Phys. Chem. Solids 28, 1017 (1967).
6R. W. Teale, private communication.

SPIN-OPTICAL-PHONON INTERACTION IN ANTIFERROMAGNETIC CoF,

S. J. Allen and H. J. Guggenheim
Bell Telephone Laboratories, Inc. , Murray Hill, New Jersey

(Received 23 October 1968)

Spin-optical-phonon interaction is observed in CoF2 by the transfer of magnetic dipole
intensity to the otherwise optically inactive Eg phonons. Theory predicts that the tem-
perature dependence of the intensity is caused by the change in longitudinal spin corre-
lation, and the change in energy and thermal population of the magnetic excitations. Ex-
perimentally, only the latter are important in CoF2.

Unquenched orbital motion in the single-ion
ground state can significantly alter the magnetic
properties of the concentrated salt. Off-diagonal
exchange coupled with the spin-orbit interaction
produces multipole spin-spin interactions. ' '
Purely electrostatic interactions between charge
distributions can also lead to complex effective
spin interactions. '~' Equally important is the
presence of spin-lattice coupling which produces
a large single-ion anisotropy field and is expect-
ed to couple magnetic excitations to phonons.
The virtual emission and reabsorption of phonons
will also generate multipole spin-spin interac-
tions in suitable systems. e Since the above
spin-spin interactions often have the same phe-
nomenological form, it is difficult to extract un-
ambiguously from measured spin-wave energies
or ion-pair energy levels the various contribu-
tions to the ion-pair interactions and it is desir-

able to perform other measurements which are
more sensitive to a particular interaction.

In the present Letter we discuss an experi-
ment which directly measures the interaction be-
tween magnetic excitations and the phonons in the
antiferromagnet, CoF„by observing the trans-
fer of magnetic-dipole intensity to the otherwise
optically inactive, q = 0, Eg phonon. " Since the
experiment measures changes in the phonon
state, it is sensitive to spin-phonon coupling but
relatively insensitive to the complicated exchange
interactions between Co' ions. The observed
spin-phonon interaction is sensitive, however, to
the gross changes in magnetic state produced by
ordering and thermal population of the magnetic
excitations, and it is the manifestation of these
effects in the spin-phonon coupling that is dis-
cussed in the following.

Extrapolation of the Eg phonon frequency in
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FIG. 2. Transverse magnetic dipole intensity as a
function of temperature. Solid line is the theory which
ignores intensity that is sensitive to the long-range
longitudinal correlations.
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FIG. 1. Full width at half-maximum, uncorrected
for instrumental resolution, as a function of tempera-
ture.

MnF, and FeF, ' to CoF, predicts the optically
inactive Eg mode to lie near 267 cm '. Far-in-
frared-absorption experiments in nominally pure
Cor, reveal a temperature-sensitive magnetic-
dipole transition in the vicinity of 256 cm, po-
larized perpendicular to the c axis. A magnetic-
impurity effect is precluded by the strength of
the absorption (-426 cm at 4.2'K), the lack of
sample dependence, and weak magnetic-field de-
pendence. Since the frequency is only weakly
temperature dependent, multipole spin-wave ex-
citations" are not considered. The line is inter-
preted as the E& phonon allowed as a magnetic
dipole transition by virtue of the strong spin-lat-
tice coupling.

At 4.2'K the resonance occurs at 256+ 0.5
cm '. As the temperature is raised, the fre-
quency drops until it reaches -250 cm ' at -140
K. A weak discontinuity is noted at the Neel

point. More striking behavior, obtained by mea-
suring the linewidth as a function of temperature,
is shown in Fig. 1. The linewidth narrows by
more than a factor of 2 when approaching the

critical point from the low-temperature side.
In Fig. 2 the measured intensity is shown as a
function of temperature. As the temperature is
raised the intensity drops to -3 the value at 4.2
'K. A much slower dependence is observed from
TN (38 K) to 4.5TN (180'K). Above 180 K the
line is too broad to accurately measure the inten-
sity.

A theoretical discussion of the transfer of mag-
netic dipole intensity to the phonon best proceeds
by starting in the disordered state. In the mean-
field approximation, the local field acting on the

=38= & state contains only the single-ion anisotropy

—5S '+y(S ' —S '),
z x y

where the + sign refers to the two different sites
in the rutile unit cell which are designated 1 and
2. The anisotropy separates the excited doublet
from the ground doublet by -160 cm '.'2 At tem-
peratures above the Neel point but not high enough
to populate the excited doublet, the state of the
ion on the n site in the jth unit cell, l j, n), will
be a random linear combination of the two possi-
ble states lg+~) in the ground doublet. Despite
the random character of the ground state we may
still define local magnetic-exciton creation and
destruction operators aj r t, aj r, where r runs
over the different excitations which connect the
ground state to one of the four possible singly ex-
cited states in the jth unit cell.

Interaction with the phonons is given by the fol-
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lowing Hamiltonian:

~~ g g i(b b-t)(K/2m(u )
' exp( —iq'r .)* qP qP— q, pjq~

(~ f (q,p)(»» ) '-& f (q p)(»» )
'

11 ' zx x~j 22 ' zx xzj
Pf-(q, P)(S S +S S ) '+P f (q, p)(S S +» ) '),22 ' zy yej 11 ' zy yzj

where f, (q, P) and f, (q, P) are the structure factors for the interaction of the q, P phonon with the Qzz
quadrupole moments on sites 1 and 2, respectively. P, and P, measure the strength of the coupling.
Expressing the quadrupole operators as exciton creation and destruction operators generates the fol-
lowing total Hamiltonian:

H=QS&u b b +P5e a. a.
q, p q, p q, p . 0j,r j,r

+ P P(R. *a. b +R. a. bj riqp j r qP j riqp jr qP
q, j,r

+S. b ta. +S. *b a. ~j,j r'qP qP j r j r'qP qP

where R and S are functions of the random ground state in the jth cell. Since exciton dispersion is of
minor consequence, it is ignored throughout and we write Rvj r = Sr@0 as shown in (3).

Although the Hamiltonian is bilinear, interesting behavior, as a function of temperature, is obtained
for the following reasons: (1) The random character of the coupling is partially removed for T &TN,
(2) the exciton energy 5&@, is a strong function of temperature below TN, and (3) the excitons cease to
behave as bosons for kT -S~,. The effect on the intensity transferred to the phonon can be calculated
from the frequency-dependent magnetic susceptibility obtained from a suitable set of retarded Green's
functions. The system is decoupled by the following approximation:

(([,. :,, ]b, I,.„,„» =&[,. :,, ]&«b, I.,„,„»,

where ([a. rajirit]&=5 iver rItanh(5w0/2kT), and solved by perturbation theory. "
7

We obtain for the real part of the transverse susceptibility pz~, correct to second order in the cou-
pling constants,

x, (~)=
(gp )' 2h&o

0
n x y (au) )' —(k(d)'

0 0

(g p, )' /' k l 25+ 4 (K(d )
+ 3I T)'

(2m(d ) (h(d ) —(a(d) [(n(d) (5(d ) ]—
0 ~ q, P q, P 0

x((1/N)lp[p f (q, p)s S (j)-p f (q, p)s S (j)]exp(-iq r.)l
1. 2. . 2

+IP f (q, p)s -P f (q, p)s I b-22 ' qQP&e' (4)

where s =(e 'IS~lg+'&, s =&e 'ISylg+'&, Sz+(f)=&j, nISzlj~&/(g~ IS Ig+ &, and I(T)=tanh(1&v, /2kT).
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The first term simply describes resonance at
the exciton frequency &0, while the second term
gives the transfer of magnetic dipole intensity to
the phonons. Since &z (j) is a random variable
in the disordered state, the first phonon term
couples to all phonons. We obtain a singular term
at q= 0 only if there is a long-range correlation
in ~z. Consequently, sharp-line phonon absorp-
tion from this term monitors a combination of the
the infinite-range correlation functions (&g'(0)
&&Sz'(~)) and (Sz'(0)&z'(~)) and will only be seen
below TN. The second part of the phonon coupling
is independent of the random character of the
ground state and will persist in both the ordered
and disordered states. Nevertheless, it will ex-
hibit a temperature dependence through I(T)' and
the temperature variation in @&0(T).

Symmetry requires that X&&
= Xxx. A similar

expression for Xzz can also be derived. Only in-
finite-range correlations in the transverse-spin
components will give sharp-line phonon absorp-
tion in this polarization. Since there are no such
correlations at any temperature in CoF„no
sharp-line &g phonon absorption should be seen
in & polarization as is the case.

Above TN only the second phonon term in (3)
can give absorption. Since we know @~0(T), we
can then fit the high-temperature part by adjust-
ing the interaction parameter

IP f (0, & )s Pf (0,-& )s I(@/2~~ )"'11 ' g y 22 ' g x 0'
=18 cm

Since I&0(T)" is independent of T above TN, the
slow variation in intensity is produced by I2(T),
i.e. , it is caused by the thermal population of the
exciton states. The behavior of this term below

TN can be had by including the temperature vari-
ation of @, . The results are shown by the solid
line in Fig. 2. No room is left for a contribution
sensitive to the infinite-range correlation imply-
ing that

IPif&(0, & )s Pf (0, E )s-, l'

-MIP f (0, & ) +P f (0, & )11 ' g x 22 ' g y

A priori there does not appear to be any reason
why the correlation-sensitive term should be
small, and it must be regarded as peculiar to the
interaction constants in the CoF, system.

Similar effects should be seen in other systems
that give evidence for a strong spin-lattice cou-
pling. In particular the phonon absorption in

UO„seen only in the ordered state, may also be
amenable to the same analysis.

The effect of the spin-optical-phonon interac-
tion on the magnetic excitations in CoF, will be
discussed in a future publication.
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