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Raman spectroscopy has been used to study the phonon-magnon coupling in the antiferromagnetic
phase of ferrous chloride dihydrate. The interaction has been studied as a function of temperature, from
2 K to Ty =23 K, and applied field, from O to 28 kG. The phonon is assigned as a B, symmetry
libration mode, in accord with the predictions of Torrance and Slonczewski; it is found to be “soft,”
decreasing in energy as T — 0. The phonon-magnon coupling constant is nearly field independent but
decreases to zero at T y. It is found that no zero-field splitting of the magnon occurs, within 0.2-cm™!

instrumental resolution, in contrast to the 0.8-cm™'

splitting inferred from the infrared spectrum. The

magnon g value is determined to be 1.7 = 0.1, in contrast to Torrance’s value of 2.23 =+ 0.02.

I. INTRODUCTION

The interaction of optical and acoustic phonons
with spin waves in antiferromagnetic insulators has
provided the basis for several theoretical and ex-
perimental studiés over the past few years.!™°
The most complete work has been presented by
Buyers et al. on KCoF,, * and by Torrance and co-
workers on the FeCl,-2H,0 family.*~" Recently,
we performed a series of Raman experiments on
FeCl,: 2H,0 which permit a quantitative analysis
of the phonon-magnon coupling. ! The analysis is
based on earlier studies of phonon interactions and
yields temperature and field dependences of the
coupling constant, as well as a quantitative calcu-
lation of lines shapes for the coupled modes.

The class of metal-halide dihydrates with chem-
ical formula MX,-2H,0, where M is a divalent
metal ion (Fe?*, Co?*, Mn®*) and X is a halide (C1'",
Br!"), has been the subject of much recent investi-
gation. These compounds generally exhibit meta-
magnetic behavior, ¥! with typical ordering tem-
peratures up to ~23 K. The dihydrates of iron and
cobalt chloride and cobalt bromide show two dis-
continuous magnetic transitions'®? pelow a triple
point T, and are thus of particular interest be-
cause of their three stable magnetically ordered
phases. Their simple crystal structure makes
them attractive for experimental study; they are
monoclinic with two identical formula groups in the
unit cell. A third feature which makes these crys-
tals a source of important data is the existence of
strong exchange fields in their ordered states. 1314

II. STRUCTURE, MAGNETIC, AND OPTICAL PROPERTIES

A. Structure

The structures of the above dihvdrated salts have
been established by Morosin,** 17 with the exception
of the iron bromide. All are isomorphous. The
manganese salts have received little attention be-
cause of their low transition temperatures (~2 K).
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Consequently, experimental studies have concen-
trated on the iron and cobalt salts, in particular
FeCl,+2H,0 and CoCl,- 2H,0, which we shall ab-
breviate as FC2 and CC2 in much of what follows.
The crystal structure of FC2 and CC2 is mono-
clinic, with space-group symmetry C3, (or C2/m),
indicating a two-fold rotation axis and a perpendic-
ular mirror plane. The metal and chlorine atoms
form linear chains (in the ac mirror plane) which
extend along the ¢ axis, with planar coordination
of the iron atom showing a slight deviation from a
square. (See Fig. 1.) The waters of hydration are
located along the positive and negative b axis (the
axis of rotation) with the H-O-H bond canted out
of the ab plane. The neighboring chains are held
together by weak hydrogen bonding to the chlorine
ions, and thus the crystal cleaves easily in any
plane containing the ¢ axis. The unit cell con-
sists of two formula groups or primitive cells,
which are equivalent and related through the choice
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FIG. 1. Structure of FeCl,+2H,0. Solid circles: Fe
ions; shaded circles: Cl ions; large open circles: oxy-
gen ions; small open circles: protons. + and — signs re-
fer to displacements above and below the ab plane.

1960



11 LIGHT-SCATTERING STUDY OF PHONON-MAGNON, ..

of cell center.
B. Magnetic properties

Because of the isomorphous nature of CC2 and
FC2, one would anticipate closely related magnet-
ic properties. Some difference, however, could
be expected. The Co® ion has an odd number of
electrons, 3d"; consequently, the crystal-field and
spin-orbit splitting will leave the ground state as
a Kramers doublet. !* The divalent iron Fe?* has a
ground-state configuration 3d®, with the low sym-
metry leaving the ground state an orbital singlet.

The magnetic properties of FC2 were investi-
gated by Narath.'® The principal susceptibilities
at 76 K were found to be

Xq=0.070 £ 0. 002 emu/mole, (1a)
X =0.040+0.002 emu/mole, (1)
X, =0.041 £0. 002 emu/mole. (1c)

The magnetic susceptibility is therefore nearly
uniaxial (accidentally) with large anisotropy in the
ac plane; the principal axis lies in the ac plane
located near the shorter Fe-Cl bonds. From mea-
surements of the temperature dependence of the
principal susceptibilities, Narath concluded that

an antiferromagnetic ordering transition occurs
near 23 K, with the low temperature phase having
sublattice spins along the o axis. Assuming a
Curie-Weiss dependence in the paramagnetic region
results in Weiss constants

0,=+12K, 6;,=6,=+5K (2a)
and g factors

ga=2'47 gﬂzg'y:l'g, (Zb)

with effective spin S=2, the free-ion spin.

The symmetry of the magnetic structure was al-
so explored by Narath!? using proton NMR tech-
niques. At 4 K a close (25 MHz) spin-spin doublet
was observed at 9.229 MHz, with no other reso-
nances in the 5. 7-25-MHz range. The source of
the observed splitting is the dipole field due to the
magnetic moments. The single resonance demon-
strates that the dipole field is identical at all the
proton positions. This is equivalent to requiring
that all proton positions be related by magnetic-
space-group operations. Since the protons are re-
lated by the point group C,,, the Fe?* moments must
be invariant under these symmetry operations com-
bined with parity inversion. This can only occur if
the moments are parallel to the b axis or lie in the

~ac plane. Tests of the directions of the field at
the proton site confirmed that the spins are paral-
lel or antiparallel to the uniaxial ¢ axis.

The magnetization curve at 4 K for fields along
the o axis shows two steps occurring at values'?

H,,=39+1KkG, H,=46%1KkG. (3)
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Similar behavior was observed also in CC2 at
fields of 35 and 45 kG, respectively.®!® Oguchi
and Takano?® initially proposed a four-sublattice
model for CC2, whereas Narath?! concluded that

a six-sublattice model was required to explain

the magnetization curve. Neutrondiffractionstudies
by Cox et al.,® and more recently by Weitzel and
Schneider®® confirm the latter model; in the inter-
mediate field region the reflections observed were
consistent with a unit cell tripled in the a; direc-
tion. Schneider and Weitzel?* have also obtained
direct evidence confirming the six-sublattice model
for FC2. In addition, they observe a triple point
at T,=11.7K and H;=42.0 kG, in agreement with
the measurements of Lowe et al,?

Comparing these results with those for CC2 we
find that there are some important differences. In
FC2 the susceptibility is uniaxial, with the princi-
pal direction lying in the ac plane; in CC2 the
susceptibility has a strong transverse anisotropy,
and the principal axis is along b. Consequently,
FC2 is best described by the free-ion spin S=2,
while CC2 is fitted best with fictitious S=3 and an
Ising model. We discuss later how these differ-
ences give rise to significantly different excitation
spectra.

C. Optical properties

The optical properties of these materials have
been studied by microwave and infrared absorption.
Date and Motokawa?® observed microwave absorp-
tion resonances in CC2 and identified them with
spin clusters. In an extension of some unpublished
work by Silvera, ?” Torrance and Tinkham!%28
studied the infrared absorption spectrum of CC2
and found métamagnetic phase transitions at H
and H, in agreement with earlier studies. In
addition to the expected spin excitation with field
dependence indicating g=7, excitations with g=14,
21, 28, and 35 were observed. Their energies were
found to be somewhat less than # times that of the
g~17 excitation (z=}g), and were subsequently iden-
tified as bound states of n-fold spin clusters prop-
agating in the ferromagnetic chain, with spin
direction reversed from that of the chain. Using
an idealized-linear-chain model which neglects
transverse exchange, Torrance and Tinkham?®29
showed that both the single-spin excitations and n-
fold clusters are allowed eigenstates.

Unlike CC2, which has strong transverse anisot-
ropy, FC2 has uniaxial magnetic symmetry. Con-
sequently, rather than incorporating a spin—% for-
malism and an anisotropic g factor, the spin Hamil-
tonian is best expressed as®

Hy=-gugHyy, Si-Dy [(S5°-5S(S+1)]
i i

~ 208 i 2 JASTSE,, (@)

iy 7 — iyr
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Here D includes the longitudinal anisotropy, J, is
the exchange coupling to neighboring spin 7, and
J4 expresses the transverse anisotropy. The S;
and S;,, are coupled by J, and J#. There are four
exchange couplings of interest: J; (intrachain) op-
rates viaa Fe-Cl-Fe bond, J; via Fe~O-H-Cl-Fe,
J, via the Fe-C1-Cl1-Fe bond between adjacent
chains in the ac plane, and J; via
Fe-O-H-H-O-Fe along the b axis. It is antici-
pated that

|J0(>|J1| >IJ2‘>‘J31,

with [J,[ and |J; | being quite small. Hay and Tor-
rance® have computed the =0 spin-wave energies
and fitted them to infrared absorption data, with
results

£=2.23+0.02, (52)
Ey=28.75+0.15 cm™, (5b)
E,;=35.0%0.5 kG, (5¢)
H,=45.0+£0.5 kG, (5d)
Jy/Jy =8 /d,<0.03, (5e)
Jy=-0.27 em™ (5f)
Jy=-0.044 cm™, (58)
D=9.58+0.05 cm™, (5h)

While the absolute value of J;, is not obtained, the
anisotropic part J; is found® to be negligibly small,
in agreement with Narath’s measurements, The
bound-state spin clusters observed in CC2 are not
then expected in FC2, since the mechanism for
exciting them depends on a large transverse anisot-
ropy?®2? for sufficient admixture of Ising basis
functions so that photon absorption is permitted.

Their spectra show, however, an additional ex-
citation which repels the magnon lines as the mag-
netic field is varied. This is identified as an optic
phonon with energy wp=31.5 cm™, made infrared
active through a magnon-phonon interaction. A
phenomenological calculation” gives the coupling
constant 65 =0.92 cm™ in the antiferromagnetic
phase. Torrance and Slonczewski’ have proposed
that this interaction arises from a modulation of
the orbital angular momentum by the crystal field
at the spin site and a consequent transfer to the
spin via spin-orbit coupling. Because of its un-
usually low frequency, the phonon mode is antici-
pated to be related to the weak bonds of the waters
of hydration; since deuteration shifts the frequency
by ~ 5%, % these authors expect a rigid motion of the
water molecule to dominate. Since the phonon is
nominally a 2=0 optical infrared inactive mode, it
must be of even parity.

For the z axis parallel to b, the leading term in
the interaction Hamilonian is
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H,, =32 [tyz(SyS,-»SzSy) + 14y (SeSy) +1,,(S,S, + S.5.)]

+ (/B2 (ty = ) So+(1/82) (fyy = ,) %, (6)

where ¢;; is the phonon amplitude, X is the spin-
orbit splitting, and A is the crystal-fields splitting
between the orbital doublet and triplet. Torrance
and Slonczewski” have shown that the terms ¢, and
t,. couple one phonon to one magnon. Then, the
|xz) and |yz) phonons with polarizations in the ac
plane are coupled to magnons. The theoretical
coupling coefficient they obtain is very near the
observed value® 63-=0.94 cm™, and it is concluded
that in FC2, because covalency effects are small,

a point-charge calculation of the interaction gives
good results.

II. PHONON GROUP-THEORETICAL ANALYSIS

Using standard group-theoretical techniques we
have determined the number and symmetry of the
optical phonon branches at the crystallographic
Brillouin-zone center. The result is

I'=6A,+6B,+54,+7B,, (7

of which the 64, modes are Raman active for xx,
Yy, 2z, and xy polarizability components, and the
6B, modes are present in the xz or yz spectra.

In order to ascertain which of these modes cor-
respond to internal vibrations of the water mole-
cules, we have repeated the calculation, this time
treating the water molecules as rigid entities.
This yields

T jattice=3A,+3B,+3A,+3B,, (8)

which indicates that half of the Raman active modes
of each symmetry will correspond to internal water
vibrations. We anticipate finding the internal vi-
brations at relatively high frequencies and the lattice
phonons at much lower frequencies (< 1000 cm™),

III. EXPERIMENTAL PROCEDURES
A. Growth and preparation of crystals

Iron chloride forms three stable hydrates: hexa-
hydrate (FeCl,* 6H,0), tetrahydrate (FeCl,. 4H,0),
and dihydrate (FeCl,-2H,0). The form that pre-
cipitates from a saturated solution depends on the
ambient temperature. At high temperature all the
hydrates decompose to FeCl, and water vapor. The
commercially available form is the tetrahydrate,
which is stable in the temperature range 12.3-
76.5°C. Above 76.5 °C the stable precipitate from
water solution is the dihydrate. 3%32

Single crystals of FC2 were grown by slow evap-
oration from a saturated aqueous solution main-
tained at 80 °C. The crystals are normally in the
form of slender prisms, with the long axis paral-
lel to [001]. The existence of a well developed
(201) face makes it possible to completely deter-
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mine the orientation of all crystal axes from the
external morphology, and this may be confirmed
by examining the crystal under a polarizing micro-
scope.

The FC2 crystals undergo a number of reactions
with the atmosphere that make it important to pro-
tect the surfaces. In a dry atmosphere the surface
emits water, leaving an opaque coating of FeCl,.

In a damp atmosphere the crystal is hygroscopic
and forms the tetrahydrate. Finally, oxygen in
the air can oxidize the iron to Fe®*. To preserve
the optical quality it was necessary to store the
crystals under toluene. For use in the experiment,
the samples were coated with a thin layer of inert,
transparent coating of dimethyl silicone (for room
temperature spectra), or removed from the tolune
and immediately immersed in helium gas and
cooled to cryogenic temperatures where the sur-
face is stable.

Due to the weak interchain bonds the crystals
may be cleaved easily in any plane containing the
¢ axis, and so excellent (100) and (010) faces were
obtained. Good (001) faces were more difficult to
obtain, but usable faces were achieved using a wire
saw with a solvent consisting of 50% methanol and
50% toluene.

B. Apparatus and experimental techique

For the studies of the FC2 phonon spectra and
the magnetic field dependence of the magnon-phonon
interaction, the sample was directly immersed in
liquid helium within a Janis optical tail Dewar. To
eliminate light scattering from bubbles in the lig-
uid helium, a vacuum pump was used to lower the
helium temperature below the X point. Magnetic
fields to 28 kG were produced by a Varian 15-in.-
high homogeneity electromagnet. The Raman
studies of the magon-phonon coupling temperature
dependence were made with the sample placed in
an Oxford Instruments optical tail Vari-Temp De-
ar. The crystal was attached to a copper block
containing a thermometer and heater, and mounted
in a helium exchange gas atmosphere. With this
system the temperature could be controlled to
+0.05 K, but because of laser heating effects, the
absolute sample temperature was known only to
+2 K.

The samples were illuminated with either 488. 0-
or 514.5-nm light from an argon-ion laser. The
scattered light was collimated and directed to the
spectometer entrance slit. A Spex 0.75-m focal
length double-grating spectrometer was used. The
signal was detected by a thermoelectrically cooled
ITT FW130 photomultiplier tube, and the photoelec-
tron pulses were counted electronically. The field-
dependence spectra were recorded on a stripchart,
while the temperature-dependence spectra were
obtained using multiscanning techniques, and the
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data were stored in a multichannel analyzer.
IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. Raman spectra

We have observed all the 12 even-parity modes,
as tabulated in Table I. For each mode the fre-
quency and symmetry description is given, and in
addition we attempt to identify the atomic motion.
This latter assignment is fairly accurate for the
internal water vibrations, but is only approximate
for the lattice vibrations. Beattie ef al.® have
performed a similar study for CuCl,-2H,0, whose
structure is closely related to that of FC2, and the
results show a reasonable similarity in all re-
spects.

The lowest-frequency mode is identified as a
librational motion of the water molecules. In Fig.
2 we present typical low-frequency spectra for dif-
ferent scattering geometries which show very
clearly the B,-symmetry nature of the librational
mode. The temperature dependence is shown in
Fig. 3, and we see that it is in fact “soft, ” de-
creasing in energy by about 15% between room tem-
perature and liquid-helium temperature.

Below T'=23 K the magnon line appears in the
spectrum to the high-energy side of the phonon.
Also shown in Fig. 3 is the very small renormaliza-
tion of the magnon up to the Néel point; near T,
the magnon line disappears very rapidly with only
a slight increase in temperature.

In Figs. 4—9 we show the spectra obtained at 2 K
and various applied fields. The dots are data
points, and the curve is a least-squares fit to a
model described below., Examination of these data
shows clearly that there is an interaction between
the low-energy excitation (the phonon at zero field)
and the upper excitations (antiferromagnetic mag -
nons). With increasing field the lower magnon ap-
proaches the phonon, a level repulsion occurs, and
eventually a nearly complete reversal of roles oc-
curs, It is also apparent in Fig. 4 that no zero-

TABLE I. Phonons in FeCl,+ 2H,0.

Frequency (cm™) Symmetry Type Bond
36 B, Libration HyO
148 A, Distortion Cl-Fe-Cl
198 B, Stretch Fe-Cl
202 A, Stretch Fe-Cl
377 B, Distortion O-Fe-Cl
500 A, Stretch O-Fe
594 A, Rocking O-H,
644 B, Rocking O-H,
1625 B, Distortion H-O-H
1800 A, Distortion H-O-H
3392 A, Stretch O-H
3432 B Stretch O-H

"
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FIG. 2. Spectra of the libration mode showing the a,,
and a,, polarizabilities expected for B, symmetry.

field splitting of the magnon is detected, in disagree-
ment with the 0. 8-cm™ splitting inferred from the
infrared data by Hay and Torrance.® Finally, we
report that there is no evidence in the Raman spec-
tra of spin clusters in the frequency region w3 35
cm™,
B. Analysis

The coupled-mode spectra in Figs. 4—9 may be

analyzed mathematically to obtain parameters of

FREQUENCY SHIFT (cm-!)

o 100 200 300
T (K)

FIG. 3. Frequency vs temperature for the librational
phonon (circles) and the magnon (triangles).
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FIG. 4. Phonon-magnon spectrum at 7=2 K and H=0,
The solid curve is a least-squares fit to Eq. (11).

interest, the uncoupled frequencies, intensities,
linewidths, and coupling coefficient. We have made
this analysis employing a Green’s-function technique
which is due to Cowley, * and which has proved
very successful in studying phonon-phonon interac-
tions, ®

The Raman intensity scattered into unit solid
angle is given by

w

4
@) =52, 20 erey I () E,Ey, (9)
3

2mc® ¢
1y
it
where w, is the laser frequency, the e; are polar-
ization vectors of the scattered light, and the E;
are the incident fields. The scattering coefficient
I; 4, (w) is a Fourier-transformed correlation of

polarizability operators

1 e .
Iijkz(w)=ﬂ _ (Pyi (DP;(0)) et at.

(10)
When these operators are expressed in terms of the
normal modes of the crystal, the coefficient be-
comes for Stokes scattering

H=5kG
T=2K

>

(o

(2

=

w

[

E;

28 30 32 34 36
FREQUENCY SHIFT (cm™!)
FIG. 5. Phonon-magnon spectrum at 7=2 K and H=5

kG. Note that the observed splitting is ~1 cm™, about
the same magnitude of the zero-field splitting claimed by
Hay and Torrance (Ref. 6).
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FIG. 6. Phonon-magnon spectrum at 7=2 K and H=10

kG.

Ly (@) = [n(@) +1] 2 Pj,(m) Pyy(m") Im[G ()],
mym (11)

where n(w) is the Bose population factor, and G(w)
is the one-particle Green’s function which is di-
rectly proportional to the susceptibility.

In the harmonic approximation the excitations
are orthogonal and G,,,,.(w) (m#m’)=0; the response
then consists of a series of § functions at the poles
of G(w). Anharmonic interactions, however, give
rise to broadening and renormalization of these
poles, and the off-diagonal components become non-
zero. They become especially important when
excitations have very nearly the same energy and
wave vector, and then a level repulsion may occur
together with line-shape anomalies. In the phonon
problem the off-diagonal terms have the general
form3®

Gmm'(w) = Z(wmwm4)“2 (Gmm' + i'ymm' w)- (12)

They arise from a consideration of the decay of
phonons into some final phonon states. In spin-
wave formalism there is no direct equivalent of

H=20kG
T=2K
.
>
[
(]
=z
w
[
z
28 30 32 34 36
FREQUENCY SHIFT (ecm™")
FIG. 7. Phonon-magnon spectrum at 7=2 K and H=20

kG.
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H=28kG
T=2K
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FIG. 8. Phonon-magnon spectrum at 7=2 K and H=28
kG.
this. However, if we make the assumption that

only the real part of (12) is nonzero, we obtain an

expression which describes a level repulsion with-
out any line-shape effects. The coupling constant

8 can then be compared directly with that obtained

in the infrared experiment. %’

The terms G,,,(w) describe the uncoupled re-
sponse of the excitations. The phonon may be ade-
quately described by the familiar damped harmonic
oscillator function

G (W)~ (W} — w? +iy )™, (13)

INTENSITY IN ARBITRARY UNITS

28 32 36
w (ecm™")

FIG. 9. Superposition of the phonon~-magnon spectra
at 2 K and various applied fields.
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TABLE II. Line-shape analysis of FeCl,+2H,0 Raman-
spectra coupled-mode parameters at T=2 K (units in
em™) (Subscript 1 refers to phonon parameters, 2 and 3
refer to the magnons. )

H (kG)
0 5 10 20 28
P, 16. 45 26.3 61.1 53.2 54.9
74 0.28 0.31 0.37 0.48 0.3
w; 31.2 31.0 31.1 31.2 31,2
P, 4,872 4.1 6.2 9.4 5.8
s 0.29 0.42 0.5 0.3 0.3
W, 32,9 32.6 32.2 31.4 30.7
P, 4.872 4.1 6.2 9.4 5.8
v 0.29 0.42 0.5 0.3 0.3
ws 32.9 33.2 34,0 34.5 35.3
8 0. 72 0.64 0.90 0.86 1.04

#The Raman scattering strengths P, and P, for the un-
coupled-magnon scattering strengths are about 5 times
those quoted for magnons in FeF, (Ref. 43) in absolute in-
tensity. These quoted values represent the most prob-
able values, in a least-squares sense; however, the un-
certainty associated with the quoted values is by no means
symmetric. It is possible to get a reasonably good fit to
the data with the assumption that all of the scattering
strength in the coupled modes is due to the phonon; i.e.
P;>P,, Py—or P;=P;=0. In other words, the scatter-
ing intensities of both magnon- and phonon-like excita-
tions are almost entirely phonon attributable, and the un-
coupled-magnon intensity cannot be evaluated accurately.

®In the least-squares fit the phonon-magnon coupling
constant is strongly correlated with the uncoupled values
of phonon and magnon frequency. It consequently is cor-
related strongly with the magnon g value, which might
explain the discrepancy between the value 1.7+0.1 quoted
in the present work and Torrance’s value of 2.23+0, 02.
Since the present work involves a fitting of line shape in
addition to the simple separation of peak positions of
magnon and phonon, we believe that our evaluation is
more accurate and our quoted uncertainties (standard er-
rors of a least-squares fit) more realistic than those of
Torrance., In the fits listed in Table II the same starting
values were assumed for all parameters at each field
value; while this does not eliminate the problem of “trap-
ping down” on a local minimum in the multidimensional
least-squares space, it does ensure that the quoted val-
ues are self-consistent.

In spin systems the magnon response is quite dif-
ferent; from the modified Bloch equations we find

G (W)~ 0 (w,, = w +iy,) . (14)

When w,,>v,,, (14) is very nearly Lorentzian.
However, when w, =y, there are some important
differences; for example, the observed peak is
not displaced from w,, as it is in the Lorentzian.
When w~w,, and w, >, the two response func-
tions are almost indistinguishable, so that the
oscillator expression provides a good description
of the magnon response.

Finally, we note that in making these approxima-
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FIG. 10. Uncoupled phonon and magnon frequencies
vs field. The splitting for the magnon corresponds to a
gyromagnetic ratio (for S=2) of g=1.7+0,1, which is
significantly less than the 2.23 +0, 02 reported in Ref. 6.

tions we obtain a response function identical to
that used by Kobayashi®” for the pseudospin-phonon
interaction in ferroelectric KH,PO,.

The values of the parameters obtained by making
a least-squares fit to this model are given in Table
II. The only constraints made are that the magnon
strengths and widths are the same, i.e., P,=P,,
VYs=v3. Figure 10 shows the field dependence of
the uncoupled magnons and phonon. The splitting
corresponds to a g value of 1.7 for S=2. This
compares well with Narath’s'? value of 1.9, but is
somewhat less than Hay and Torrance’s® g=2.23.
The value of 8 obtained is also slightly low com-
pared to that measured by Hay and Torrance, and
in addition shows a slight field dependence. We

400

300

200

INTENSITY (COUNTS/ sec )

100

o | e 1 |
28 29 30 31 32 33
FREQUENCY SHIFT (cm~!)

FIG. 11. Phonon-magnon spectrum at T7=20+2 K and
H=0. Solid curve is a least-squares fit to Eq. (11).
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FIG. 12. Phonon—magnon coupling constant vs reduced
temperature (open circles). The solid line is the magnon
renormalization, which is proportional to 3 in Eq. (18).
The broken line is the sublattice magnetization in CC2
obtained from proton NMR data. All quantities are nor-
malized to their 7=0 K values.

believe that this may reflect some systematic er-
ror present in doing a multi-parameter least-
sqares fit, such as a correlation between & and the
other parameters. This may also explain the
slightly low g value obtained. [We believe that the
uncertainty in gyromagnetic value quoted by Tor -
rance (2. 33 £0.02) is somewhat optimistic and does
not include the systematic error inherent in the as-
sumption of a (nonexistent) zero-field magnon split-
ting. |

The temperature dependence of the coupled-
mode spectrum has also been studied and analyzed
in the manner just described. Figure 11 shows the
spectrum at about 3 °C below T. We find that the
coupling constant is temperature dependent, and,
as shown in Fig. 12, it decreases to zero at T~ Ty.
We discuss below a simple theory which provides
a qualitative description of this result.

V. DISCUSSION

A. Magnon renormalization

In the mean-field model of antiferromagnetism
the magnon energy is expected to renormalize to
zero in a fashion similar to that of the sublattice
magnetization. These data are not available for
FC2, but the form of the magnetization in CC2 can
be obtained from the NMR data. In Fig. 12 the
FC2 magnon energy is plotted versus reduced tem-
perature along with M(T) for CC2 deduced from the
proton NMR. !® It is apparent that in both materials
the magnon renormalization with temperature is
very slow.

Narath®® has suggested that this effect may be
due to large anisotropy. The anisotropy is large
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in both materials (w,,~ 30 em™), and so there is
little dispersion throughout the Brillouin zone.
Since 7 w,, ~2kyTy, very few spin waves are ther-
mally excited until the Néel point is reached.
Magnons are then excited throughout the zone,
thereby rapidly reducing the sublattice magnetiza-
tion. Consequently the spin-wave excitation energy
decreases rapidly at T.

A second possible explanation, proposed by Sil-
vera et al.?® invokes a magnetoelastic interaction
in which exchange forces responsible for magnetic
order are stongly dependent on lattice spacing. At
low temperature, where the degree of order is
high, the exhange energy will be greater, giving
rise to a greater lattice distortion, which in turn
causes an increased exchange coupling and so a
higher effective Ty. This mechanism insures that
as the temperature rises the magnetization main-
tains its low temperature value, until at the actual
transition point it falls rapidly. In FC2, however,
the Fe?* ion is in a pure spin state and so may not
be strongly coupled to the lattice. On the other
hand, the unquenched Co?* in CC2 may be suffi-
ciently coupled to make this effect significant. In-
deed, a small anomaly in the lattice constants of
CC2 is observed at Ty.'®

Finally, we briefly consider the one-dimensional
nature of FC2 and its relation to the spin-wave
spectrum. We know that a linear chain of inter-
acting spins cannot support long-range order for
T >0 (and zero applied field), even when the spin
is constrained to one direction. The material
TMMC [(CD,); NMnCl,] is a good example. It is
a one-dimensional paramagnet for 7>1.1 K, be-
low which it orders antiferromagnetically. Recent
neutron-scattering results’ have shown that spin
waves do occur in this system, although only for
wavelengths shorter than a characteristic spin cor-
relation length in which spin order exists. It is
found both experimentally*® and theoretically*! that
there is a temperature -dependent broadening but
little renormalization of the magnons. McLean
and Blume*! explained this as follows: The order
parameter ¢ is defined in terms of the local aver-
age magnetization

(B(r, tH) = p1(r, ),

where T(V, t) is a unit vector giving the direction of
the local magnetization. Since the spin-wave re-
normalization and the local magnetization are di-
rectly related, the classical result may be used
that ¢ is given by the nearest-neighbor correlation.
Thus for the classical linear chain

W, € =1 =T/2JS(S+1). (15)

Consequently, the larger the values of J and S, the
slower the magnon renormalization.
The situation in FC2, however, it rather differ-
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ent; it is not a true one-dimensional system since
there is considerable interchain coupling which
gives rise to the high ordering temperature. Never-
theless, we expect one-dimensional effects to be
manifest to some degree in the ordered phase.
Above Ty there may be sufficient short-range fer-
romagnetic order along the chains that the above
considerations would then apply. However, there
is no direct evidence to support this assertion.

While it is difficult to say which of the above
mechanisms will dominate, it is fair to say that
some combination of them will operate and so give
a slow magnon renormalization.

B. Temperature dependence of the coupling constant

A qualitative description of the observed tempera-
ture-dependent magnon-phonon coupling may be
developed from an inspection of the magnon-phonon
coupling Hamiltonian, in which the leading term
corresponding to single-magnon-single -phonon
coupling in FC2

chm-lph =const (Sysz + sty)' (16)

The constant factor involves crystal-field-state
energy differences and a term proportional to the
relevant phonon amplitude. We will consider the
temperature dependence of the constant to be neg-
ligible and assign the total temperature variation
of the magnon-phonon interaction to the spin-de-
pendent terms in Eq. (16).

Since the characteristic frequencies of the cou-
pled magnon and phonon are commensurate, the
effective temperature behavior of 3C;,,_,,, would not
be properly reflected in a static thermal average
of the spin-dependent term. In other words, the
phonon does not respond to a dc average of the spin
fluctuations, but, rather, the phonon can follow
the spin motion. We approximate this effect by
making the ad hoc assumption that the effective-
temperature -dependent magnon-phonon coupling
behaves as

Hors(T) = const {(SS2)2) .. amn

If we evaluate this, and assume that
(S,) r= 2M(T)/M,,

where M, is the sublattice magnetization at 0 K,
we find

Kore(T)~ M(T)/ M. (18)

Figure 12 shows the experimental temperature -
dependent magnon-phonon coupling parameter along
with a plot of 3C,,+(7) normalized to fit at 7=0 K.
The temperature dependence of M(T) is assumed to
approximate the temperature variation of the ob-
served magnon frequency at zero applied field. Al-
so shown for comparison is M(T) for CC2.

It is clear that the simple theory sketched above
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is only qualitatively predictive of the observed T
dependence of the phonon-magnon coupling constant.
Experimentally, it is found that 5(7T) decreases
faster as T— T} than the expression in Eq. (18).

C. Magnon splitting in zero field

In its antiferromagnetic phase FC2 has space-
group symmetry P, 2,/C. Consequently, the two
k=0 magnons are nondegenerate and may have dif-
ferent energies. Hay and Torrance® and Torrance
and Slonczewski” have argued that when the magnon-
phonon interaction is included this energy splitting
is ~0.8 cm™. The Raman data presented here are
in contradiction with this conclusion. The spec-
trum in Fig. 4 shows no evidence of any splitting,
and even with H=5 kG the energy difference is only
=0.6 cm™. Torrance (private communication) has
argued that only one of the spin waves is Raman
active at zero field, and that the other becomes
active only for H#0. Our low-field measurements do
not appear to substantiate this. We feel that the
pusblished infrared data are inconclusive in this
respect, since the zero-field trace shows little
evidence of splitting.

The situation in CC2 is quite different, and a
real splitting occurs —but not because of coupling
to the phonon. Owing to the large transverse an-
isotropy, there may be coupling?®?® petween spin
states with Am =+2, so that “spin up” and “spin
down” magnons will have different energies. The
observed splitting is relatively large, ~4 cm™,

D. Two-magnon excitation

An unusual feature of the observed spectra is the
absence of a two-magnon excitation. In both two-
and three-dimensional antiferromagnetic systems
Raman scattering by two magnons is found® to have
intensity greater than that of the single-magnon
scattering. This has been explained in terms of
different scattering mechanisms for the twoprocess-
es.* First-order scattering is though to occur
indirectly via a spin-orbit coupling of the light
electric vector to the spin of the magnetic ion.
Higher order terms in this interaction may give
rise to multimagnon scattering, but the predicted
intensity is very small. However, an exchange
scattering mechanism, in which two magnons are
created in close proximity in real space, has been
able to explain most of the observed features of the
two-magnon scattering, including the symmetry and
the large intensity. The questionwhicharises here
is whether or not the same mechanism operates in
linear-chain systems.

In some recent work Lo and Halley** have shown
that the two-magnon Raman-scattering cross-sec-
tion for TMMC is zero. The interaction Hamilto-
nian which describes the process commutes with
the crystal Hamiltonian, so that no scattering will



11 LIGHT-SCATTERING STUDY OF PHONON-MAGNON. .. 1969

occur. They comment that this result seems to
hold for all linear Heisenberg antiferromagnets.

As we have discussed above, FC2 is not a true
one-dimensional system. However, we may con-
clude that because of its accidentally zero trans-
verse anisotropy there is little coupling between
spin waves created near each other on the different
sublattices, so that the magnitude of the exchange
scattering is small.

It is of interest here to remark on the observa-
tion of spin clusters observed in CC2 and CB2.
Elliott and Thorpe*® have commented that the same
exchange scattering mechanism responsible for

two-magnon excitation will give rise to bound pairs.

Torrance and Tinkham have shown in detail how
the large transverse anisotropy is directly respon-
sible for the mixing of the magnon basis functions
which permits the observation of clusters. This
indicates that these two materials are perhaps
more suited to the study of two-magnons by Raman
scattering.
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